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Zusammenfassung
Zusammenfassung
3D Druck hat in den Life Sciences in vielen verschiedenen Forschungsbereichen Einzug gehalten. Spez-
iell im Bereich von Tissue Engineering wurden bereits viele innovative Ideen umgesetzt um Gerüst-
strukturen, sogenannte scaﬀolds für regenerative Medizin zu entwickeln. Die Anforderungen an diese
Scaﬀolds sind sehr hoch, sie sollen hochporös sein um raschen Stoﬀaustausch zu gewährleisten, biokom-
patibel und biologisch abbaubar sein sowie die geeigneten mechanischen Eigenschaften für die jeweilige
Zelllinie besitzen. Scaﬀolds basierend auf Nanofasern sind sehr geeignete Materialien für Tissue Engin-
eering da sie hochﬂexibel hergestellt werden können, sehr große speziﬁsche Oberﬂächen und sehr hohe
Porösitäten aufweisen. Außerdem können diese Eigenschaften noch an die entsprechende Anwendung
angepasst werden. Optimiert wird die Anwendbarkeit von Nanofasern noch durch die Herstellung von
Nanofaseraerogelen. Diese dreidimensionalen, leicht bis ultraleichten Materialen bieten unzählige An-
wendungsmöglichkeiten. Die Herstellung dieser Nanofaseraerogele erfolgt grundsätzlich durch Giessen
von Nanofasersuspensionen in geeignete Formen, Einfrieren dieser Suspensionen zur Formgebung und
anschließendes Gefriertrocknen um die hochporösen Materialien zu erhalten. Ziel dieser Arbeit war es,
eine 3D Druck Methode zu entwickeln welche die Herstellung der Nanofaseraerogele ohne Form ermög-
licht und somit eine sehr hohe geometrische Flexibilität erlaubt. Als Anwendungsbeispiel sollte ein
Scaﬀold für einen Unterkieferknochen aus einem 3D Model direkt als hochporöses, nanostrukturiertes
Aerogel gedruckt werden.
Der hier präsentierte 3D Drucker verwendet ein stark gekühltes Druckbett um die Nanofaser- Suspen-
sion bei Kontakt auszufrieren und ermöglicht so die Herstellung von Nanofaseraerogelen. Die Auﬂösung
des Druckers beträgt 3 mm in x, y und z Richtung. Gedruckt wurden Polyacrylonitril (PAN)- Nan-
ofasersuspensionen da diese ein ideales Modellsystem darstellen und relativ einfach thermisch stabilis-
iert werden können. Referenzmaterialien zum Vergleich wurden mit konventionellen Formgebungsver-
fahren hergestellt. Die cryo-3D gedruckten Materialien wiesen sehr ähnliche E-module wie die durch
das konventionelle Verfahren hergestellten Aerogele im Bereich von 0 - 4 kPa auf. Die Dichte der
3D gedruckten Materialien war mit rund 10 mg mL−1 über den Konzentrationsbereich der eingeset-
zten Suspensionen von 5 mg mL−1 bis 10 mg mL−1 tendenziell tiefer als die der Referenzmaterialien
welche Dichten von 10 mg mL−1 bis 37 mg mL−1 zeigten. Die Erfahrungen hinsichtlich der Suspen-
sionsformulierung um einen idealen 3D Druckprozess gewährleisten zu können wurden direkt auf PLA
umgesetzt und das Scaﬀold eines Unterkieferknochens konnte erfolgreich gedruckt werden. Kontrol-
liertes Fördern der Nanofasersuspensionen ohne Verstopfen oder Segregation wurde durch Optimierung
der Viskosität mittels Zugabe von Xanthan gum, einem in der Lebensmittelindustrie weit verbreiteten
Additiv erreicht. Zur Stabilisierung der gedruckten PLA Aerogele wurden verschiedene Methoden von
kovalentem Crosslinking und thermischem Corsslinking untersucht. Letztendlich zeigte thermische
Stabilisierung der PLA Aerogele bei 120 °C den größten Fortschritt und wurde exklusiv verwendet.
Aerogele welche mit einem höheren Anteil von Xanthan gum gedruckt wurden zeigten exzellente Sta-
bilitäten in Flüssigmedien. Die Rolle dieses Additives wurde daher ebenfalls eingehend untersucht.
Zusammengefasst präsentiert die vorliegende Arbeit die erste 3D Druckmethode um nanofaserstruk-
turierte Aerogele herzustellen. Des weiteren wurde ein interessantes Additiv entdeckt, welches großen
Einﬂuss auf die strukturelle Integrität nimmt.
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Summary
Since 3D printing has developed into a highly available method throughout industry and research, nu-
merous methods and techniques have emerged in life sciences. Especially in tissue engineering, several
attempts of preparing scaﬀolds for regenerative medicine have been made so far. The requirements
for scaﬀolds in tissue engineering, such as high porosity, appropriate pore sizes and a suitable range
of mechanical properties have not yet met with 3D printing technique. Nanoﬁber based scaﬀolds have
attracted a lot of attention because they can be tuned and tailor-made for the respective application.
Nanoﬁber based aerogels are extending the beneﬁts of nanoﬁber scaﬀolds into the 3rd dimension. They
are prepared by freeze-casting methods and shown excellent properties regarding density, porosity and
Young's modulus. Unfortunately, those structures always require a mold for shaping of the aerogel.
We herein present a novel method for the layer-by-layer fabrication of nanoﬁber structured aerogels.
Starting from a commercially available 3D printer, a completely new hardware for the controlled depos-
ition of nanoﬁber suspensions was developed. 3D printing of those suspensions was ﬁnally facilitated
by including a magnetic stirring system within the printing head as well as providing a cold print bed
which is capable of keeping the surface temperature at - 50 °C.
Those from cryo-3D printing obtained (C3PO) aerogels posses similar properties than aerogels pre-
pared via freeze-casting within the concentration range tested. Cryo-3D printed aerogels were prepared
from polyacrylonitrile (PAN) and their properties were extensively studied. Furthermore the know-
ledge acquired regarding nanoﬁber suspensions and delivery allowed the translation towards diﬀerent
polymers. Polylactic acid was chosen as a second polymer on which the printing principles for cryo-3D
printing were applied. As a ﬁnal product, a nanoﬁber structured aerogel of a mandibular was reprinted
from a 3D model in PLA in order to show applicability in tissue engineering.
Regarding the mechanical properties of PAN aerogels no signiﬁcant deviation of cryo-3D printed aero-
gels from freeze-casted aerogels could be observed. The density of the cryo-3D printed aerogels pre-
pared from PAN nanoﬁbers showed values around 10 mg mL−1 throughout the whole concentration
range, while their freeze-casted counterparts showed higher densities, ranging from 10 mg mL−1 to 37
mg mL−1.
Xanthan gum was used as a thickening agent in order to tune the ﬂuidic properties of the nanoﬁber-ink.
The inﬂuence of Xanthan gum on the structural integrity was investigated thoroughly since it turned
out that aerogels prepared with higher contents of this additive showed improved properties. Based on
their structural features of interconnecting ﬁbers via development of large sheets a possible mechanism
of crosslinking was postulated.
To sum up, we herein present the ﬁrst 3D printing system capable of preparing nanoﬁbrous structured
aerogels. Moreover we developed a straight-forward method for stabilization of these aerogels without
loss of porosity, density or mechanical properties.
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1 Introduction
Additive manufacturing methods, commonly known as 3D printing or solid freeform fabrication (SFF)
have shaped the way of production processes throughout all industries. From consumer goods and
sports gear [13], to ﬂexible and fast construction concepts [4] up to highly sophisticated medical
devices [5], 3D printing has proven to be a valuable tool. Research groups of all disciplines are exploring
the borders of printable materials and methods [6, 7]. Besides of increasing variety and ﬁnding new
niche applications, the number of vendors oﬀering 3D printing to the public has steadily increased and
nowadays 3D printing is a technique available to every household to a certain extent. Because those
printers are aﬀordable and available now, the integration in research and development by either tailor-
made solutions or home-made rebuilds of existing systems has become much easier. This progress has
also arrived in the life sciences, leading to numerous new journals, working groups and ﬁnally printing
techniques. Applications of 3D printing in life sciences nowadays are, but not limited to the following
examples:
3D printing is embraced for example by medical doctors in planning surgery in advance by providing
accurate modelling of human anatomy [8], by chemists from the production of microﬂuidic devices [9,10]
up to the fabrication of reaction ware, a term coined by Mark Symes and coworkers. Their idea of using
3D printing to provide low-cost reaction vessels which have catalysts already in-printed [11] has drawn
a lot of attention. Cell biology and tissue engineering also proﬁted a lot from 3D printing technologies
and numerous new concepts and publications of preparing scaﬀolds for tissue engineering [5,1246] are
available. The concept of bio-printing, for example, combines the deposition of matrix material and
living cells, thus allowing for the exact recreation of tissue materials. But also the need for ﬂexible
scaﬀolds has uplifted 3D printing due to its outstanding possibilities regarding ﬂexible geometries.
Due to extensive research of cell-scaﬀold interactions, it became clear that a suitable scaﬀold for tissue
engineering has to provide more than only non-toxicity and biocompatibility. In order to gain a proper
cell attachment and to grow the tissue of interest, the scaﬀolds should resemble the tissue with respect
to mechanical properties [47], structural features [48], pore size [49] and surface properties of the
cells [50, 51]. This structural features can in principle be rebuilt by 3D printing but there are still
hurdles to overcome.
Challenges include in particular the small size of certain features needed as well as the high porosity.
The architecture should resemble the environment of the cells very well and nanoﬁbrous materials have
found to be excellent candidates for tissue engineering applications [52]. While nanoﬁbrous materials
have very promising structural properties which can be tailor-made, the preparation of relatively large
3D structures from nanoﬁbers is still a rather young technique [53], and the best of our knowledge,
no attempt of combining the excellent properties of nanoﬁber aerogels and the surpassing possibilities
of 3D printing has been made. Very few publications regarding light or ultralight and highly porous
aerogels obtained from 3D printing have been published.
Figure 1.1 gives an overview on the exploitation of 3D printing in context of this thesis.
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Figure 1.1: Number of articles regarding 3D printing published per year and listed in sciﬁnder
(cas.sciﬁnder.org). The following search terms which are considered to be relevant in this
thesis were used: blue: 3D printing, grey: 3D printing tissue engineering, navy: biomedical
3D printing, green: medical 3D printing, red: 3D printing aerogel. Articles published with
the tag 3D printing show a steep increase each year since 2011 (43 articles) up to 2770
articles in 2016. All other search terms follow this trend as well. 3D printed aerogels have
been published as such in 2015 and less than 30 articles have been published until now.
Publications describing 3D printing together with tissue engineering, biomedical 3D printing, medical
3D printing and 3D printing together with aerogel show a very strong increase and the ﬁrst public-
ations regarding 3D printed aerogels appeared just three years ago. This proves the point of many
3D printing experts, claiming that applications using 3D printing have increased, but the available
materials for 3D printing have not changed in the same magnitude. Bulk materials like polymers,
inorganic materials, and glass have been successfully printed. So far a lot of attention has been given
in particular to improving the print resolution, coining new techniques as microstereolithography and
designing the 3D printing equipment more user friendly. Only a few examples exist where printing of
structured materials, or even nanostructured objects from scratch, without shaping of the bulk ma-
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terial afterwards, has been demonstrated. Especially 3D printing methods for nanoﬁbrous structures
from suspensions of short nanoﬁbers are yet to be developed.
The scheme in Figure 1.2 illustrates the conventional way of preparing nanoﬁber based aerogels. After
electrospinning, the nanoﬁbers are cut into short nanoﬁbers. From these short nanoﬁbers, suspensions
are prepared. Shaping of the aerogels is done by ﬁlling the nanoﬁber suspensions into an appropriate
mold and subsequent freezing. This process is known as freeze-casting or solid templating. Afterwards,
the frozen dispersant is being removed by freeze-drying and stabilisation via crosslinking ﬁnally leads
to the aerogel. The method which will be investigated in this work is depicted in the scheme in red.
After electrospinning and the successful preparation of short nanoﬁbers and the formulation of stable
suspensions, shaping is done with a novel cryo-3D printing process, thus allowing to generate frozen
ﬁber suspensions of a variety of geometries fast and convenient. The subsequent processes of freeze-
drying and stabilisation are the same as for the freeze-casted aerogels. The preparation of nanoﬁbrous
aerogels by freeze-casting will be explained in detail in chapter 2.7.1.
Figure 1.2: Flowchart of the preparation of nanoﬁbrous aerogels. Starting with electrospinning and pre-
paration of suspensions containing short nanoﬁbers (cutting), the well-established method
of freeze-casting with subsequent freeze-drying and stabilisation ﬁnally yields the aerogel.
The aim of this thesis, the preparation of nanoﬁber based aerogels via a novel 3D printing
(cryo-3D printing) is shown in the lower part of the scheme.
Summarized, the aim of this work is to close the gap between the outstanding structural properties of
nanoﬁbrous materials and ﬂexible geometry by developing a 3D printing method for short nanoﬁber
suspensions. Moreover, this 3D printing method would utilize a new class of materials in an additive
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manufacturing method, leading the way to 3D printing of highly porous and light or possible ultralight
aerogels. The largest impact of this method was found to be in tissue engineering. Methods of preparing
scaﬀolds which oﬀer a patient-speciﬁc geometry as well as very deﬁned internal structures are scarce
and a ﬂexible preparation method would be of great interest.
The approach in order to deliver the claims made above will include the construction of a 3D printing
device capable of processing short nanoﬁber suspensions. Furthermore the rheological behaviour of
nanoﬁber suspensions will be investigated in order to optimize the ﬂuidic conditions for the printing
process. As a model polymer, polyacrylonitrile (PAN) will serve as printing material. We expect equal
or better properties of the aerogels prepared from short PAN nanoﬁber suspensions compared to their
counterparts obtained by freeze-casting regarding density, porosity and mechanical properties. The
follow-up experiments will translate the knowledge from cryo-3D printing of PAN directly to PLA, a
well-known polymer for tissue engineering. Ideally, the mechanical properties of the obtained cryo-3D
printed objects will match the requirements for bone-tissue engineering. An appropriate scaﬀold of a
mandibular will be prepared to demonstrate the applicability.
4
2 Theoretical background
In this chapter, the theoretical background for this thesis will be given. At the beginning, the principles
of 3D printing and a detailed overview of 3D printing methods already established in tissue engineering
will be presented. Secondly, important considerations regarding short nanoﬁber suspensions and their
ﬂuidic behaviour will be given Additionally, a summary of the latest literature concerning successfully
applied cryo-3D printing as well as 3D printed aerogels of any kind will be shown. Finally, a detailed
chapter about polyacrylonitrile (PAN) and polylactic acid (PLA) and their applications in nanoﬁbrous
materials will will guide into the experimental section.
2.1 3D printing methods
The term 3D printing should be clariﬁed to prevent confusion. Currently in literature
and mainstream media, the term 3D Printing is being used to refer to all SFF (solid free
form fabrication) methods [17].
The review of Chia [17] provides an excellent overview of 3D printing methods. Since these manufac-
turing methods have drawn a lot of attention while expanding rapidly, diﬀerent terms and descriptions
are circulating. Since all methods function by building 3D structures by depositing a layer of material
upon another layer, very often the term of layer-by-layer manufacturing is used. Since they are diﬀer-
ent to conventional subtractive manufacturing methods as milling, the term of additive manufacturing
methods is also very well established. Another commonly used term is rapid manufacturing.
This term might be misleading at ﬁrst, since printing speeds and manufacturing capabilities of 3D
printers are low, but it origins from the fact that no tools are necessary. Therefore the transport of
pure CAD data directly to manufacturing, skipping the tool design and tool preparation is possible
and it can be considered as rapid. Solid freeform fabrication describes techniques which are capable of
producing complex solid objects directly from a CAD model. More terms describing the same principle
have emerged over the years. In this thesis, the umbrella term of 3D printing will be used.
A short summary of the most important 3D printing methods mentioned here and some niche applic-
ations are displayed in Figure 2.1. The most famous manufacturer of FDM printers are Makerbot and
Stratasys due to their innovative 3D printers which paved the road in their respective branch. In Figure
2.2, the most important methods are listed according to the type of raw material being processed.
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Figure 2.1: Table of commercial techniques, manufacturers and material providers for 3D printing. The
table was reprinted from Singh [54].
The ﬁrst methods of layer-by-layer manufacturing using solely CAD models were developed in the
1980s for building models and prototype parts. Nowadays, the technology has greatly evolved and
is not just used for models and prototypes anymore. Nevertheless, additive manufacturing is not
yet fully implemented in the manufacturing sector. In research and development however, numerous
applications of 3D printing have been developed. Researchers in food science [55] introduced their
knowledge and experience in paste delivery and medical doctors adopted the technology due to their
need of ﬂexible and custom made prosthetics [5]. Other research ﬁelds include tissue engineering [33]
and sensor and smart device development [56].
While the applications have been extended enormously, the basic set of materials has not changed
signiﬁcantly [17]. It still consists of a bulk material which is either liquid, solid or powder based. The
diﬀerent methods are summarized in Figure 2.2 and will be discussed according to their raw-materials.
The most famous printing techniques which moved into the consumer market are thermal extrusion, or
fused deposition modelling (FDM) and laser polymerization, also known as stereolithographic printing
(SLA). While thermal extrusion (FDM) requires the melting of a polymer ﬁlament, laser polymerization
utilizes photocurable resins. The standard polymers being processed in FDM printing are PLA and
ABS due to their ease of use but also high-performance polymers like PEEK can be printed. While the
origin of additive manufacturing in general is a laser polymerization method namely SLA, numerous
3D printers using digital light processing printing (DLP) have been developed due to progress and
decreasing costs of DLP hardware components. Another principle using liquid materials is the polyjet
method. It utilizes inkjet technology coupled with photopolymerisation techniques. These techniques
have already been adapted to meet the requirements of tissue engineering and is formally known as
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3D bio-printing [57].
Figure 2.2: Additive manufacturing methods. Adapted from [58]. FDM: Fused deposition modelling,
SLA: stereolithography, LOM: laminated object manufacturing, 3DP: 3D Printing, SLS:
selective laser sintering, EBM: electron beam melting, LENS: laser. The highlighted 3D
printing method represents the cryo-3D printing method applied in this thesis. Ref. (1)
and Ref (2) are the foregoing works by Adamkiewicz and Zhang which will be explained
later [13, 59].
The 3DP method shown in Figure 2.2 is not to be confused with the colloquially used term of 3D
printing which is often used to address all additive manufacturing methods as explained above. 3DP
is a licensed process from the Massachusetts Institute of Technology (MIT) in which a liquid binder
is deposited on a starch-based powder bed layer by layer in order to generate 3D structures. The
other powder based methods, which use melting processes are selective laser sintering (SLS), electron
beam melting (EBM) and laser engineering net shaping (LENS). In principle SLS and EBM use the
same techniques of sintering or fusing a powder at a speciﬁc position and moving the beam along
predeﬁned paths in order to build the desired workpiece layer-by-layer. These technologies can be
applied to a large variety of substrates, namely metals, polymers, inorganic materials, ceramics or
food-grade materials as sugar. Laser engineered net shaping LENS is based on melting a metal powder
and injecting it at a speciﬁc location, allowing a variety of metals to be processed.
Laminated object manufacturing represents a combination of additive and subtractive techniques. The
substrates come in sheets and are ﬁrst glued together ﬁrmly by applying a thermal adhesive coating,
temperature and pressure. Afterwards, the exact geometry of each layer is cut by a laser. This
method obviously creates waste while all other methods can be considered as zero-waste manufacturing
methods.
Cryo-3D printing as highlighted in Figure 2.2 was recently developed and only a few examples exist up
to now. A short review of these studies is given in chapter 2.5. To the best of our knowledge cryo-3D
printers are not commercially available and have been built custom-made by the respective research
group. The cryo-3D printer built in this thesis is also a custom-made3D printer and the ﬁrst 3D printer
to process nanoﬁber suspensions.
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Looking at the table in Figure 2.1 and the given methods in Figure 2.2 it becomes evident that the
conventional methods explained above cannot tune the internal structure or morphology of the print.
The feature-size of laser melting additive manufacturing processes for example is governed by the grain
size of the powder and the diameter of the laser spot.
The resolution of FDM is basically limited by the nozzle-size, which is usually 400 µm and the mechanic
precision of the x,y,z stage. Moreover, the micro structure of an individual deposited polymer strand
cannot be tuned or inﬂuenced easily.
Therefore can be concluded that only pure raw-materials are employed in the conventional additive
manufacturing methods and the properties of the printed materials are therefore deﬁned by those [54],
but especially in medical and biomedical applications tailoring of properties as mechanical strength,
surface roughness or porosity is needed. Applications in biomedical applications include reconstruction
of 3D anatomic defects, reconstruction of complex organs and scaﬀolds for stem cell diﬀerentiation. In
tissue engineering cell inﬁltration and proliferation as well as extracellular matrix generation depend
highly on the structure provided by the scaﬀold [17, 60]. That means, the microarchitecture should
reﬂect the tissue architecture in regard of pore size, shape, porosity, spatial distribution and pore
connectivity. The nano-architecture of surface modiﬁcation and structural features are crucial for cell
adhesion, proliferation and diﬀerentiation.
Therefore the next chapter will illustrate selected applications of 3D printing methods in tissue engin-
eering and related disciplines to show the approaches already made.
2.2 3D printing in tissue engineering
3D printing has become a well-integrated method in tissue engineering using methods such as bio-
printing. Here the focus will be on the preparation of scaﬀolds by SLS, SLA, FDM and 3DP fabrication.
However, nanoﬁbrous scaﬀolds are frequently used in tissue engineering and no 3D printing method for
those materials exists yet. The summary of the most used techniques will show the state of the art of
3D printing capabilities and applications in tissue engineering. This summary will follow the structure
of Figure 2.2 and the ﬁrst technique to be discussed will be SLS.
2.2.1 SLS 3D printing
SLS has successfully been introduced in medical and biomedical applications. Since this is a preferred
method for processing metals, research regarding the rapid fabrication of customized implants with
porous structures was investigated by Xie and coworkers [61]. The motivation was to develop porous
softer metallic implant materials. Since the elastic modulus of most metallic biomaterials is much
higher than that of the natural bone, a high risk of bone resorption and implant losing is given. It
was shown that the average pore size and porosity after printing and sintering was between 35 µm and
160 µm and 28-52 % respectively. Using the same manufacturing technique but following a diﬀerent
approach, Shishkovsky et al. [37] prepared biocompatible implants and tissue scaﬀolds from Ti and
NiTi for cultivating bone marrow in vitro. More recent studies used SLS on hydroxyapatite / PCL
composites for the production of scaﬀolds. Here the inﬂuence of building directions and SLS parameters
in respect to the mechanical properties and reproducibility were investigated [62]. Additional studies
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on the relationship of SLS manufacturing and microstructures and porosity of similar scaﬀolds were
published more recently by Xiaohui [43]. This example shows that SLS is a thriving technology for
tissue engineering applications. Two examples of recent publications are displayed in Figure 2.3.
Figure 2.3: SEM images of scaﬀolds prepared by SLS. The left image a.) is from Esoly et al. [62]. The
right one was reprinted from XiaoHui [43].
The two examples of scaﬀolds prepared with SLS in Figure 2.3 illustrate the possibilities very well. Since
individual grains of powder are sintered together, the surface of the prints is structured. Furthermore,
the pore size in this examples is around 100 µm in the left image from Esoly and coworkers and roughly
half this size in the right image prepared by XiaoHui [43]. The next technique to be discussed, SLA,
utilizes liquid photocrosslinkable resins.
2.2.2 SLA 3D printing
Originally, Mankovich et al. [63] described stereolithography as a new technique of prototyping using
CAD and digital images from computer tomography (CT) and magnetic resonance (MR). They at-
tributed the high potential of additive manufacturing to its inherent constructive tool-path with much
fewer restrictions than the reductive methods applied earlier. They investigated the application in the
case of a 20-year-old male with congenital craniofacial defects. After recording CT scans in suﬃcient
quality and slicing, the model was printed during 16 hours on a ﬁrst generation SLA-1 machine. The
model resembled the original very well and the error in z-axis was less than 6 %. The scheme of their
publication is shown in Figure 2.4 and it is the ﬁrst application to describe the whole process of 3D
printing in a medical ﬁeld. Starting on the left side, the acquisition of CT images from the patient fol-
lowed by CAD and preparation of the sliced model are still the basic steps of 3D printing. Afterwards,
the sliced images are brought to the 3D printer and the model is printed.
Polymeric composites prepared by SLA techniques with polymers containing hydroxyapatite as cell
adhesion and proliferation promoter were investigated by Lee in 2009 [25] and found to be applicable
to bone tissue regeneration.
The original method of layer-by-layer deposition, SLA, has also been utilized for medical and biomed-
ical applications and is still of high interest. An example is the printing of patient-speciﬁc models
and functional parts, implantable devices and scaﬀolds for tissue engineering with SLA methods [30].
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Figure 2.4: Basic components of connecting CT image acquisition and additive manufacturing. Re-
printed from Mankovich et al. [63]
An outstanding application was a biomimetic heart valve which was prepared from poly-4 hydroxy-
butyrate (P4HB) by Sodian and coworkers [38]. Unfortunately, SLA bears extra challenges due to
the photopolymerization process. Although most processed polymers are not cytotoxic, residues of
photoinitiator and monomer have to be monitored. Photocurable liquid copolymers composed of tri-
methylene carbonate and PCL were tested and did not show any adversarial eﬀects even after one
month of implantation [28]. More recent developments towards bone replacement used gelatine-based
photopolymers which showed very good biocompatibility and allowed tuning of resin formulations re-
garding photoreactivity, penetration depth of light and viscosity [35]. Images of resin based structures
are depicted in Figure 2.5. On the left side, a honeycomb pattern with pore sizes of roughly one
millimetre is shown. The right image shows scaﬀolds for muscle engineering. The layer resolution can
be observed by the rings of the individual poles.
Figure 2.5: Scaﬀolds prepared by SLA 3D printing. The left SEM image was reprinted from Schuster
[35]. The right image is from Melchels review [30].
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2.2.3 FDM 3D printing
Applications of 3D printing with FDM in the ﬁelds of medicine and biomedicine have been developed
since the 1990s [64]. Woodﬁeld et al. for example successfully printed a three dimensional poly(ethylene
glycol)-terephthalate-poly(butyline terephthalate) block polymer scaﬀold for engineering of articular
cartilage [41] already in 2002 and two years later Wang and coworkers prepared PCL scaﬀolds by FDM
with an open porous structure and a pore size of 250 µm to 300 µm [18]. The connection of available CT
images and additive manufacturing for reconstruction was made by Wen et al. [65] by reconstructing
a human ear. In his work, polyurethane was used as scaﬀold material and the importance of being
able to design surface properties and pore sizes accordingly was discussed. These examples show the
ongoing progress in FDM printing of tissue engineering related applications very well. Examples of
prepared structures are shown in Figure 2.6. The deposited strands of polymer and their stacking can
be clearly be observed in both examples. Additionally, the high density of the polymer bars which
appear to have no porosity and a smooth surface can be observed from these SEM images.
Figure 2.6: FDM applied in tissue engineering. The left scaﬀold was produced by Woodﬁeld in 2004
[41]. The right structures were taken from Wang et al. [18]
2.2.4 3DP 3D printing
3DP technique as introduced by the MIT was used by Kim [22] and coworkers to prepare biodegradable
polymer scaﬀolds with an inherent network of channels for tissue engineering of hepatocytes as an
approach to treat end-stage liver disease. They used polylactide-coglycolide (PLGA) with sodium
chloride particles. Salt particles were leached out after fabrication in order to prepare devices with a
porosity of 60 %. This is a very good illustration of increasing the porosity by post-processing leaching.
An example for an application of ceramics is given by the work of Seitz and coworkers [36].
They used 3DP technology to prepare porous ceramic scaﬀolds for bone replacement for the repair of
osseous defects from trauma or disease. Here a green body is prepared by 3DP. Subsequent sintering
at 1250 °C pyrolyzes the polymeric binder and fuses the particles together. A diﬀerent approach was
chosen by Lee [26]. An indirect 3DP method was used to prepare scaﬀolds for muscle cell growths.
Using a 3DP printer, a mold from plaster powder was prepared. After casting with PLGA and solvent
removal by freeze-drying, the mold was dissolved by immersing in water. Pore sizes were tailored
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Figure 2.7: SEM images of two selected publications showing the micro- structure of scaﬀolds obtained
by 3DP. From left to right: a. ) reprinted from Kim et.al [22] b.) Scaﬀolds prepared by
Lee and coworkers [26]. Please note the diﬀerent magniﬁcation of both images.
by blending PLGA with sucrose and subsequent leaching in water. Scaﬀolds based on starch-based
polymers with micro and macro architecture and void fractions between 75 % and 90 % were prepared
by similar leaching techniques by Lam [23]. Their scaﬀolds showed functionality as well as appropriate
mechanical properties. Illustrations of scaﬀolds prepared by 3DP are reprinted from their respective
publications in Figure 2.7. Scaﬀolds prepared by Kim clearly indicate a secondary pore structure
comprised of very small pores in the range of single micrometers while Lee's scaﬀolds show pore sizes
around 100 µm.
After the short introduction of well-established methods, the next chapter will give just a short overview
about cryo-3D printing. The full explanation will follow in chapter 2.5.
2.2.5 Cryo-3D printing
The methods explained so far show that it is in principle possible to generate 3D structures with
a relatively high up to very high porosity by established 3D printing methods. To the best of our
knowledge, none of those methods are capable of introducing ﬁbrous structures into the scaﬀold.
Furthermore, each method described above is restricted in their respective material choice. SLA
requires a photocurable material while materials for FDM have to be thermoplastic. Laser sintering
and 3DP methods require powders as raw materials. Most importantly, all 3D printing methods
explained above require an energy input of any kind.
The cryo-3D printing method allows to process all liquids and does not apply any stress to the printing
materials. Therefore cryo-3D printing was found to be the method of choice for processing nanoﬁber
suspensions in order to yield nanoﬁbrous aerogels. However, recent methods to receive low density and
highly porous structures do not use 3D printing but diﬀerent methods, which will be explained in the
following chapter.
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2.3 Low density macroporous structures
According to Jiang [66], several methods for the preparation of low-density macroscopic structures are
widely used. Those methods are blowing, sol-gel processes, templating, self-assembly and 3D printing.
Each method will be explained shortly with emphasize on materials obtained by nanoﬁber suspensions.
Blowing methods are well established for the preparation of polymer foams with mostly closed-cell
morphology, yet by ﬁne-tuning of the foaming conditions, nano cellular foams with open and closed
pores can also be produced. Sol-gel methods have been widely used to prepare sponges as well. Those
methods include three production steps starting with the sol-gel process followed by ageing and drying.
Hydrolysis and partial condensation of the reactants in order to establish a sol and gel formation by
polycondensation is the ﬁrst step. Ageing allows a complete polycondensation. The hierarchical 3D
structures are built in the third step. Drying processes allows the solvent to be replaced by air.
The template-methods use sacriﬁcial templates which are removed once the porous 3D structure is
generated. The intrinsic properties of the starting material regarding noncovalent bonds as hydro-
gen bonding, electrostatic interaction, redox reactions, pi-pi stacking can be utilized in self-assembly
methods.
Nano and microﬁbers can also be used for the fabrication of low density or even ultra-low density
macroporous structures. Recently the application of short electrospun nanoﬁbers as starting materials
was shown [53, 67]. Preparation of aerogels by this method requires cutting of the nanoﬁbers to yield
short nanoﬁbers, preparation of a short nanoﬁber suspension, casting and freezing of those, followed
by freeze-drying. The macroporous structure is built by crystals of the frozen solvent. Since this
method was used in this thesis for the preparation of reference materials, it will be explained in detail
in chapter 2.7.1.
Deuber et al. showed tunability of pore sizes by controlling the freezing process [68]. Pore size and
morphology are determined by the freeze-velocity of the dispersant. Rapid freezing in liquid nitrogen
leads to a chaotic and unstructured porous aerogels, whereas controlled and slow freezing allows the
build-up of large ice crystals towards hierarchical pores. Unfortunately, most of the aerogels prepared
by this methods require a further crosslinking or stabilisation step to contain their structural integrity
for application in liquid media.
All methods mentioned above are to some degree limited in geometry since they all require a mold or
any container to hold the material during processing. Deuber et al. for example used custom made
Teﬂon containers for a controlled freezing process [69]. This allowed the production of cylindrical
aerogel structures. Especially in tissue engineering where each scaﬀold will require a custom-made
geometry, this process could be simpliﬁed and accelerated by the application of rapid manufacturing
techniques. Moreover, the controlled dispensing of nanoﬁber suspensions represents a novel approach
towards heterogeneous raw-materials for 3D printing which oﬀer a high ﬂexibility and tunability.
Jjang and coworkers [66] pointed explicitly in the direction of 3D printing by stating that innovations
and novel ideas are required in the future to use 3D printing for the production of ultralight aerogels
with controlled pore size, shape and interconnectivity.
Since 3D printing of such materials is an almost untouched ﬁeld of research, the next part will cover
the most recent progress of 3D printed low density macroporous structures.
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2.4 3D printed low density macroporous structures
3D printing is a relatively new technique and besides of regular bulk-materials, as explained earlier,
not much methods for the fabrication of low density macroporous structures are known. In most recent
publications 3D printed graphene structures have been prepared due to their very interesting properties
regarding printable electronic compounds. So far three principles regarding 3D printed low density
macroporous structures are available. These three methods are liquid printing, cryo-3D printing and
microstereolithography and they are summarized in Figure 2.8. In the following, these three methods
as well as the properties of materials obtained by those, will be discussed.
Figure 2.8: Illustration of the three 3D printing methods for macroporous structures with low densities.
From left to right: a.) Procedure of liquid printing of graphene oxide in isooctane according
to Zhu [70]. b.) Method of micro-lithography in order to generate polymeric microlattices.
c.) Cryo-3D printing of graphene oxide via deposition, followed by freezing, freeze-drying
and thermal treatment to gain graphene aerogel [59].
One of the earliest works of 3D printed aerogels from Zhu and coworkers in 2015 [70] utilizes graphene
in a 3D printing technique known as direct ink writing. The method is shown in Figure 2.8 in a.) Their
aerogels were lightweight with densities ranging from roughly 30 mg cm−3 to 120 mg cm−3, conductive
and showed impressing compressibility. Compared to bulk-graphene materials with comparable densit-
ies, the Young's modulus was around one magnitude higher. The aerogels were prepared by deposition
of graphene oxide in a controlled tool path in order to create 3D structures. After carefully designing
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the viscosity of the graphene oxide suspensions, printing with the use of silica ﬁller as removable vis-
cosiﬁer was done in isooctane. After solvent removal by supercritical drying, carbonization and etching
of silica, high porous 3D graphene structures were obtained.
Summarized, this method utilizes a relative simple printing setup but requires a proper preparation
and tuning of the GO ink to be printed.
A diﬀerent additive manufacturing method was used by Zheng et al. [71]. This stereolithographical
method is shown in Figure 2.8 in subsection b.). Inspired by nature's mechanically eﬃcient materials
like honeycombs and foam-like structures like bone or sponges, they designed lightweight cellular
materials using projection microstereolithography. Their microlattices showed feature sizes of 10 µm
to 500 µm and the densities of their materials ranged from very low 0.87 mg cm−3 up to 460 mg cm−3.
Their polymeric structures were prepared from 1,6 hexanediol diacrylate. Coating with Ni plating and
subsequent removal of the polymer-core by thermal decomposition allowed the fabrication of hollow-
tube Ni-phosphorus microlattices. Similar processes were applied to generate hollow-tube aluminum-
oxide microstructures with a thickness of the tubes in the range of 40 nm to 210 nm.
The preparation of graphene aerogels via cryo-3D printing makes use of water as a scaﬀold which is
removed in the freeze-drying process afterwards and this process is given in sub ﬁgure c.).
Qiangqiang Zhang and Coworkers applied a cryo-3D printing method in order to generate graphene
aerogels via 3D printing [59]. They claim to achieve a comparable size and geometry of features as
reported by Zhu [70] by printing aquous graphene oxide solutions. The droplets deposited are rapidly
frozen at a cold sink at −25 ◦C. As a support structure pure water was used. After printing, the
constructions were immersed in liquid nitrogen and subsequently freeze-dried. Structural stability was
achieved by annealing at elevated temperatures. Their materials showed very low densities from 0.8
mg cm−3 to 10 mg cm−3. The Asby chart in Figure 2.9 gives a very good holistic overview of densities
and Young's moduli of available 3D printed aerogels and related materials.
The data of graphene aerogels prepared with the methods explained above were manually inserted.
The slopes of their data points were taken from the lowest and highest pair of data in order to
show the correlation of Young's modulus and density. Their materials showed properties similar to
carbon-nanotube foams and graphene elastomers. The region of interest for tissue engineering depends
strongly on the application intended. Scaﬀolds for bone replacement have been developed towards a
Young's modulus in the range of MPa up to several GPa. Endo-prosthetic materials for bone, such as
steels, ceramics and alloys, for example, are shown in the right upper corner of the Ashby plot. Those
materials have enormously high Young's moduli but also a very high density. Cortical bone itself has
Young's moduli in the range of 1 - 20 GPa and trabecular bone around one magnitude lower.
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Figure 2.9: Ashby chart plotting Young's modulus versus density. The image was modiﬁed from Zheng
et.al [71] with data from Zhu [70] and Zhang [59].
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2.5 Cryo-3D printing
After an introduction to 3D printing methods, their applications in biomedical science and a short
summary regarding the preparation of aerogels with established methods and 3D printing, the next
chapter will explain the principles of the already mentioned method of cryo-3D printing in general.
First the method itself is brieﬂy explained and afterwards a summary of examples are given. Moreover
the challenges of cryo-3D printing which have to be addressed will be explained from a very practical
point of view and based on experiences.
This method of 3D printing has been used within this work to prepare 3D printed nanoﬁber aerogels,
and this chapter will help to understand the progress of designing the 3D printer used in this thesis.
The term cryo-3D printing describes a printing method in which the material to be deposited is
delivered in liquid. Upon contact with the printing bed the material is rapidly solidiﬁed simply by
freezing. This method has one signiﬁcant advantage compared to the well established methods de-
scribed earlier:
Since no energy uptake in form of radiation, heat or electron beam is needed, very sensitive materials
can be printed. Furthermore, it is possible to modify a commercially available FDM printer to facilitate
cryo-3D printing and in principle, every liquid, a long as it is possible to freeze it at a reasonable
temperature, can be printed. Additionally, this method is not restricted to pure solutions but can also
be used to for 3D printing of multiphase liquids, such as suspensions or emulsions.
To the best of our knowledge, cryo-3D printing was mentioned in the literature ﬁrst in 2009. Yen
and coworkers [46] developed a novel method for deposition of dissolved PLGA in order to ﬁnd an
alternative to already established FDM methods for the production of scaﬀolds for cartilage tissue
engineering. Therefore medical grade PLGA dissolved in 1,4-dioxane was used. Since 1,4-dioxane
has a freezing point of 11.8 °C it represents an ideal candidate for cryo-3D printing. Furthermore
1,4-dioxane can be easily removed via freeze-drying to yield solid scaﬀolds. They investigated suitable
concentrations and conducted cell seeding experiments and in vitro studies. According to their studies,
in all constructs prepared by cryo printing, chondrocytes remained viable, proliferating and secreting.
Thick cartilage-like tissues surrounding the scaﬀolds were found.
According to Yen [46], cryo-3D printing can be considered as an improvement of the FDM process
since FDM processing is usually restricted to thermoplastic or thermally stable materials and it is also
known as frozen deposition manufacturing (FDM). Since the abbreviation is the same as the already
introduced method of fused deposition modelling, it will not be used. Instead, the term cryo-3D
printing will be used. The high temperatures in the conventional FDM process can easily result in
cleavage of polymer chains and degradation. Cryo-3D printing has been applied successfully in tissue
engineering using polymers as PLGA [46], hydrogels [13] or PLLA-calcium phosphate composites [39].
Using a commercially available 3D printer, Adamkiewicz and Rubinsky prepared cryo-3D printed
hydrogel structures by controlled deposition and freezing in liquid nitrogen [13]. The issues with
top layers of the print which are more diﬃcult to freeze due to the temperature gradient which was
observed in this work, were also mentioned in their work. Their proof of concept work utilized agar
gel in distilled water as printing ﬂuid.
The latest reported work from [39] Wang et al. printed PLLA solutions containing recombinant hu-
mane bone morphogenetic protein-2 (rhBMP-2)-loaded calcium phosphate nanoparticles. They printed
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these materials from water in oil emulsions prepared from a PLA solution (oil phase) and a rhBMP-2
containing water (aqueous phase) with and without incorporation of calcium phosphate nanoparticles.
They applied a custom made cryogenic substrate at -30 °C as printing bed. In vitro degradation and
cell viability of the scaﬀolds obtained were studied.
The critical parameter of this printing method is the temperature for obvious reasons. Since the lowest
temperature is at the printing bed, which is in contact with the environment, as well as the already
solidiﬁed material, several temperature gradients have to be considered. A sketch of the cryo-3D
printing setup is given in Figure 2.10. The individual components of a cryo-3D printer are similar to
conventional instruments and the major diﬀerences will be explained.
Figure 2.10: Schematics of cryo-3D printing showing main parts and critical interfaces. From left to
right: A: Temperature gradient from bottom layer to top layer. B: Heat exchange between
printing bed and ambient air, printing bed and bottom layer, in between layers, top layer
and ambient air, liquid delivery and top layer, liquid delivery ambient air. C: Loss of
print quality due to incomplete freezing/thawing leading to blurred edges. The main
parts shown here are the coupling of the suspension delivery to the x, y, z mechanics, the
liquid delivery, the printed (frozen material) and the printing bed.
An appropriate printing bed is needed as well as stepper-driven x, y, z mechanics in order to move
the printing head along the calculated tool path. The printing head has to be equipped with a liquid
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delivery system which can be driven by either a syringe pump directly mounted on the print head, an
external syringe pump and Teﬂon tubing or a compressed-air driven delivery. The critical issues shown
here besides of material speciﬁc challenges for example clogging due to ﬁber ﬂocks at the nozzle, are
mostly temperature related.
Since cooling is applied predominantly from the surface, there is a temperature gradient in the printed
object. This gradient ranges from the temperature applied at the printing bed to almost ambient
temperature. In this work, the printing setup was put into a cooling room operating at 3 ± 1 °C to
minimize the temperature gradient. The liquid being printed is close to the freezing temperature of
the solvent and therefore clogging by freezing at the very tip has to be avoided. While x, y resolution
depends strongly on the diameter of the tip, the spatial resolution can easily suﬀer from partly thawing
of the upper layers. That means the material is prone to dripping to lower layers leading to partly
overhangs and fusion at the edges. Since this phenomenon might remind one of a full ice-cream cone
on a hot summer day, the name was adopted to describe this situation. Since the top layer is exposed
to the relative high ambient temperature compared to the temperature of the printing bed, freezing
takes longer and this partly liquid and frozen state on top can lead to loss of printing quality.
The adhesion of the ﬁrst layer on the printing bed is also crucial. If the ﬁrst layer is not attached
ﬁrmly to the printing bed, the deposition of the following layers can easily lead to a dettachment of
the whole print.
After addressing important print parameters which are all strongly connected to the temperature, the
following chapter will describe another very important part of cryo-3D printing, namely the suspension
delivery. Short nanoﬁbers have to be suspended in water or any appropriate dispersant and delivered
in a very controlled way to the printing bed where they are supposed to freeze quickly. Providing low
temperatures and a proper x, y, z movement is not enough to facilitate suspension printing.
Early experiments showed that the behaviour of nanoﬁber suspensions very often leads to blocking
of the dispensing devices and therefore making cryo-3D printing impossible. That means one has to
ﬁnd a very robust and reliable method of suspension delivery. In order to understand the behaviour of
nanoﬁbrous suspensions during transport and dispensing and to optimize the dispensing, theoretical
and practical considerations had to be made. Investigations regarding blocking, ﬂocculation, deﬂoc-
culation and ﬂuidic behaviour of ﬁber suspensions have been extensively studied by paper and pulp
industry [72,73] and will be applied to nanoﬁber suspensions in the next chapter.
19
A short excursion to paper and pulp
2.6 A short excursion to paper and pulp
While producing paper, control over the pulp with respect to achieve controlled ﬂocculation and de-
ﬂocculation is crucial [7275]. To explain the ﬂuidic behaviour of short nanoﬁbers in suspensions,
principles from the production of paper can be adopted and will be discussed in the following section:
Upon a certain concentration of ﬁbers in a suspension, a single ﬁber cannot rotate freely around its
midpoint without colliding with adjacent ﬁbers. These collisions lead ultimately to ﬂocculation in a
tank, or in the case of being pumped through a small nozzle, to clogging of the nozzle. To minimize
ﬂocculation two strategies exist:
One is of mechanical nature, basically just strong agitation and heavy stirring while the other one
involves the addition of mucilaginous gums to the suspension. This chemical approach reduces the
tendency of the ﬁbers to form ﬂocks, especially when they are subjected to ﬂow and when the ﬁbers
have high length to diameter ratio. Furthermore, is believed that those additives reduce the inter-ﬁber
friction and therefore reduce the risk of ﬂocculation [75].
Especially ﬁbers with a high length to diameter ratio are prone to momentarily bending in a ﬂow and
when the ﬁber attempts to straighten itself out the possibility of becoming interlocked with adjacent
ﬁbers is very high. It has been shown that it takes only ﬁve ﬂexible ﬁbers to form a mechanically
interlocked ﬂock of ﬁbers [75], while three contact points per ﬁber are necessary to keep the ﬂock
stable. Given the high concentration of nanoﬁber suspensions applied for the preparation of aerogels,
it becomes clear that ﬂocculation is very likely and has to be addressed.
To describe ﬂocculation as a mechanical and statistical phenomenon, the concept of crowding will be
used in a very simpliﬁed form according to Kereke's model [76,77]. In Figure 2.11 a simplieﬁed model
of a nanoﬁber suspension in continuous ﬂow in a tubular structure is shown. To keep it as simple as
possible, any interactions with the surface and ﬂow characteristics like laminar ﬂow or turbulent ﬂow
will not be considered.
Figure 2.11: Scheme of a ﬁber suspension being transported through a tube. In a.) the side view is
shown. b.) is the view within ﬂow direction, showing the relation of the tube diameter
compared to the ﬁber length. In c.) the concept of critical ﬁber concentration is explained.
The sketch in a.) shows short nanoﬁbers of equal length which are being transported. It is generally
accepted that ﬁbers while being transported are somehow oriented due to the shear forces within the
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ﬂow [78], but nevertheless, rotation of individual ﬁbers occurs. As a hydrodynamic diameter the total
ﬁber length is assumed which means the ﬁber is allowed to rotate around its centre during transport.
The cross-section of the tube shown in the Figure b.) gives an impression on the geometric relationship
between tube diameter and hydrodynamic diameter of the ﬁbers. Here a tube-diameter of 3 mm was
chosen, which is close to the 1/8 inch tubes regularly used with syringe pumps.
As a model, nanoﬁbers with a total length of 100 µm were chosen. Since short nanoﬁbers are usually
obtained in the range from 50 µm to 200 µm, this is a realistic ﬁber length. In an ideal state, 30
completely freely rotating nanoﬁbers can ﬁt in the diameter of the 3 mm diameter tube without any
contact. The rotation of individual ﬁbers as well as the model for the critical concentration of the
nanoﬁbers is shown as a detail on the right side in Figure c.). At the critical ﬁber concentration Ccrit,
the distance f between the spherical rotation space of the ﬁbers is roughly zero. That means the
individual completely stretched ﬁbers are just not touching their adjacent ﬁbers.
As a model, a single ﬁber of a length l in a laminar ﬂow will be taken. According to Kerekes [77],
the ﬁber will experience forces from the ﬂow and will move and rotate. Here we will consider the
ﬁber as a rigid bar, rotating around its centre. Assuming all ﬁbers have exactly the same length and
are distributed completely homogeneous, the critical ﬁber concentration would be the concentration
at which the free distance f between the ﬁbers is minimized. The critical concentration Ccrit can be
calculated just to get a ﬁgure on how low or high a perfect concentration of a suspension can be. Let
α be the speciﬁc volume and r the quotient of the radius of the sphere (if the ﬁber is rotating) and
the ﬁber diameter d. In this case, the critical concentration would be close to 0.05 mg mL−1 which is
very low and practically not suitable for cryo-3D printing.
Ccrit =
3
2 ·α · r2
This very simpliﬁed model can be further extended by introducing the crowding factor. This numerical
value deﬁned in equation 2.1 serves as an indicator to describe the likelihood of ﬂocculation. Let l
be the ﬁber length, d the average ﬁber diameter and CV the volume fraction of ﬁbers. Suspensions
with similar crowding factors are supposed to show similar ﬂocculation behaviour. As a rule of thumb,
it has been reported that for crowding factor of NC > 60 the frequency of collisions is so high that
persistent ﬂocks become apparent [76,79].
NC =
2
3
·CV · (
l
d
)2 (2.1)
To give a quantitative example, the crowding factor for a short nanoﬁber suspension with a concentra-
tion of 10 mg mL−1 and an average ﬁber length of 100 µm and a diameter of 400 nm was calculated.
This are typical values for suspensions used within this thesis. The volume fraction was calculated
using the bulk density of PAN of 1.84 g ml−1. The crowding factor of 208 is a strong indicator for
ﬂocculation at this given ﬁber length and concentration. Interestingly the concentration contributes in
ﬁrst degree while the geometric parameters contribute in second degree. This leads to the conclusion
that shorter nanoﬁbers should be easier to print. Furthermore, shorter ﬁbers would allow a higher
concentration to be printed and one should aim for short ﬁbers in high concentrated suspensions.
Another important set of mechanical properties to be discussed are ﬁber ﬂexibilities. This term is
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usually used to summarize all movements, such as ﬂexible rotation, spinning, snake turns and elongation
of a coiled ﬁber.
Additionally, Kerekes showed that a sudden narrowing during transport deforms a ﬂock slightly but
the force by acceleration is usually not suﬃcient to destroy the ﬂock. This is important for cryo-3D
printing applications since the ﬁber suspension will have to be delivered through a small nozzle. This
means, development of ﬂocks has to be prevented from the beginning since it is unlikely to remove them
at the nozzle. If considerations regarding delivery and pumping are made also the eﬀect of changing
ﬂow rates should be considered.
Local crowding of ﬁbers in a decelerating ﬂow occurs because the ﬁbers cannot follow the ﬂuid anymore
but if the ﬂuid viscous forces are strong enough to drag them with the ﬂow, crowding will not occur.
These processes are mainly governed by the Reynolds number of the ﬁbers. Soszynski and Kereks
showed that an increase in viscosity leads to an improvement in ﬁber suspension uniformity at concen-
tration ranges one would observe heavy ﬂocculation without additives to improve the viscosity.
A further eﬀect to be considered is inter-ﬁber friction and attractive forces. Studies showed reduced
friction of cellulose surfaces as well as stabilisation of suspensions by introducing repulsive forces via
addition of high molecular-mass additives, for example carboxymethylcellulose.
The additives in paper and pulp industry to optimize ﬂocculation or deﬂocculation can be separated
in additives which increase the dispersion medium viscosity, aids like gums and mucilages, which are
believed to decrease the coeﬃcient of friction between ﬁbers and high molecular weight polymers
aﬀecting the rheological properties of the suspending medium.
In this work Xanthan gum was used as an additive. It is extensively used as a thickening agent and
viscosiﬁer in the food industry and therefore can be considered biocompatible, which is important for
applications in tissue engineering. Furthermore, it is very well water soluble. Since many additives used
to improve the ﬂuidic behaviour of pulp are based on polysaccharides such as Xanthan gum, we expect
an improved stability of the suspensions by using Xanthan gum. Another polysaccharide which has
already been applied for the preparation of stable nanoﬁber suspensions is carboxymethylcellulose [80],
but since Xanthan gum proved to be an excellent additive, no further considerations into alternative
viscosiﬁer were made.
These theoretical considerations show that one should keep the concept of additives which stabilize
the suspension by:
 Increasing the viscosity of the suspension
 Decreasing the inter-ﬁber friction in mind
This concept will come in handy for optimizing ﬂuid parameters of nanoﬁber suspensions. Furthermore
by estimating the crowding factors for a certain concentration, one can get a rough idea whether to
expect severe clogging or not. This, of course, depends on the ﬁber suspension and not so much on
the 3D printing setup.
The focus of the last chapter will be on the electrospun nanoﬁbers used for the preparation of nanoﬁber
suspensions and a detailed explanation for the preparation of aerogels from electrospun nanoﬁbers.
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2.7 Electropun nanoﬁbers
The following section starts with describing the process of freeze-casting in order to obtain nanoﬁber
aerogels. Afterwards, the polymers used for cryo-3D printing experiments, polyacrylonitrile (PAN) and
polylactic acid (PLA) will be presented. The goal is to give a quick overview of major applications and
possibilities. Since nanoﬁber aerogels often have to be stabilized in order to maintain their structural
integrity, methods for stabilisation will be discussed.
2.7.1 Nanoﬁber aerogels
As mentioned in the introduction, the preparation of light or ultralight highly porous aerogels from
electrospun nanoﬁbers was recently published [53, 6669, 81, 82]. The general process has already
been introduced in Scheme 1.2 and the full description will be given here. The four process steps of
electrospinning (i), cutting of the nanoﬁbers and the preparation of nanoﬁber suspensions (ii) as well
as the freezing (iii) and the subsequent freeze-drying (iv) are illustrated in Figure 2.12.
Figure 2.12: Freeze-casting process as described by Deuber [83]. The four steps for the preparation of
nanoﬁbrous aerogels are illustrated excellent. The ﬁrst image (i) shows the fresh nanoﬁber
membrane. In the second image (ii) the cut nanoﬁbers have been processed into an
appropriate suspension. The freezing process under controlled conditions is depicted in
image (iii). The ﬁnal process of freeze-drying is shown in the last image (iv).
In the ﬁrst step of the process, nanoﬁbers are prepared by electrospinning. An electrospinning setup
consists typically of a high voltage power supply, a liquid delivery and a grounded collector plate [84].
The polymer of choice is usually dissolved in an organic solvent.
23
Electrospun nanoﬁbers
The high charge applied at the tip of the dispensing unit is being transferred to the solution. The
charged polymer solution eventually overcomes the surface tension of the polymer solution and a jet
of the polymer solution is ejected towards the grounded collector plate. A variety of polymers can be
used to prepare nanoﬁbers via electrospinning.
According to the review of Deuber et al. [83], PAN, PCL, PLA are among the most common polymers
utilized up to now for nanoﬁber aerogel preparation. After the electrospinning process, nanoﬁbers with
a very high length to diameter ratio are obtained. Those nanoﬁber mats have to be processed into
shorter nanoﬁbers. This is usually done by applying shear forces to pre-cut pieces of the ﬁber mat.
Short nanoﬁbers in the range of 20 - 50 µm in average length are easily prepared. This process requires
a dispersant in which the polymeric nanoﬁbers are not soluble. Furthermore, since this process comes
with high friction and very high revolutions of the cutting device, the ﬁber suspension will eventually
warm up. A dispersant with a high boiling temperature is advantageous. The nanoﬁber suspension is
ﬁnally poured into the freezing mold and solidiﬁed by freezing. Deuber et al. [68] described the freezing
process under very deﬁned conditions very well. It was concluded that slow freezing yields highly
organized porous structures while instant freezing preserves the chaotic isotropic ﬁbrous structure.
Freeze-drying as shown in image (vi) exchanges the frozen solvent against air and the porous structure
is obtained. The stabilization process as shown in the Scheme in Figure 1.2 depends on the chemical
nature of the polymer and is important to retain the structural stability of the nanoﬁber aerogel.
In this work PAN and PLA was used for cryo-3D printing and reference materials were prepared as
explained above. In cryo-3D printing the freezing process is very fast, therefore the reference materials
were also prepared by very fast freezing to have comparable materials. After explaining the process
for the preparation of nanoﬁber aerogels, the polymers used within this work will be explained.
2.7.2 Polyacrylonitrile (PAN)
A huge variety of polymeric nanoﬁbers can be utilized for the preparation of aerogels via cryo-3D
printing, but polyacrylonitrile has the following advantages:
 PAN nanoﬁber aerogels have already been investigated [53,85]
 Stabilization (or crosslinking) to facilitate structural endurance is feasible by heat treatment.
 Pristine PAN ﬁbers possess intrinsically a high amount of carbon and are well-described pre-
cursors for carbon nanoﬁbers [8696]. On the one hand, one can investigate the printing process
and provide a novel method for cryo-3D printing of nanoﬁber aerogels while further processing
allows presenting a novel cryo-3D printing method for the preparation of carbon nanoﬁbers based
aerogels.
Various procedures of stabilization and carbonization have been reported, selected examples from
literature are presented in Table 2.1. Stabilisation is usually done at elevated temperatures between 200
°C and 300 °C in air. The subsequent carbonization requires 800 °C - 2800 °C and an inert atmosphere.
Depending on the desired application, more or less complex temperature programs including very
deﬁned heat- and cooling ramps are applied.
Since carbon based aerogels have not been prepared from PAN aerogels by cryo-3D printing but from
graphene oxide [70, 98], the processes described are based on literature regarding 2D nanoﬁber mat
followed by stabilization and carbonization.
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Figure 2.13 illustrates the process of preparing carbon nanoﬁber aerogels from PAN aerogels. In the
beginning of the process nanoﬁber aerogels are prepared from a suspension containing short nanoﬁbers
either by freeze-casting or cryo-3D printing. The PAN aerogel is stabilized at elevated temperatures of
roughly 200 - 300 °C in air according to the conditions shown in Table 2.1 where crosslinking occurs.
The full carbonization can then be facilitated at 750 °C - 2000 °C under inert atmosphere.
The stabilization process is important to allow the ﬁbers to undergo a second treatment at higher
temperatures [88]. Afterwards, almost only carbon is retained. According to previous works, usage of
multistage temperature programs reduces mass loss and shrinkage. This process is shown here following
the second arrow from the stabilized PAN aerogel to the carbon nanoﬁber aerogel.
Figure 2.13: Process for preparation of carbon nanoﬁber. From left to right: PAN aerogel is being
heated at 200 - 300 °C to facilitate crosslinking. Afterwards the stabilized aerogel is
further carbonized at 750 °C or higher temperatures.
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Application wise carbon nanoﬁber aerogels show great potential for example as a catalyst support.
Shao et al. [93] recently prepared nanoﬁber mats with copper catalyst to demonstrate the applicability
in Mizoroki-Heck cross coupling reactions. Due to their superior properties regarding conductivity,
internal surface, porosity, pore size and density, they are used in transport, energy storage and envir-
onmental protection related issues. In Figure 2.14 a graphic representation by Peng [99] is given.
Figure 2.14: Properties and applications of carbon nanoﬁber based materials according to [99].
Most of the applications listed here have been applied and published in 2D nanoﬁber mats and not
in a full 3D aerogel yet, but it is obvious that most of the applications would greatly beneﬁt from an
extension of the superior properties of nanoﬁber aerogels mentioned before.
2.7.3 Polylactic acid (PLA)
PLA is one of the most used artiﬁcial polymers in tissue engineering and it represents the standard
polymer being processed using FDM 3D printing. Therefore it is not surprising that works of 3D
printed PLA scaﬀolds for tissue engineering exists. While being a very comfortable polymer for bulk-
processing, fabrication of nanoﬁbers from PLA is also well known and documented [100]. Since the
PLA nanoﬁbers do not, as PAN, oﬀer the dashing intrinsic property of being stabilized covalently just
by providing a temperature treatment, functionalities for stabilisation have to be introduced ﬁrst. PLA
has advantages, such as
 Biocompatible and biological degradable
 PLA nanoﬁbers are very well documented [101]
 High availability due to abundant use in FDM 3D printing
Biodegradable polymeric ﬁber membranes are promising candidates for tissue engineering applications
but especially in 3D scaﬀolds, structural integrity is very important. Options of chemical crosslinking
require a functionality which can be used or modiﬁed for inter-ﬁber covalent coupling. PLA is com-
monly crosslinked using radiation crosslinking with an appropriate coupling agent [102]. Rahmat and
coworkers [103] recently published the crosslinking of PLA via silane grafting.
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Figure 2.15: Two strategies for chemical crosslinking of PLA. The upper synthesis route describes the
preparation of silane grafted PLA (Silane-g PLA) with subsequent crosslinking. In the
reaction path below the second chemical crosslinking procedure via co-spinning of TAIC,
DCP and PLA is shown.
The strategy of the synthesis and application of electrospinning is shown in Figure 2.15. Prior to
electrospinning, PLA is grafted with vinyltrimethoxysilane (VTMOS) using dicumylperoxide (DCP) as
a initiator. The resulted silane grafted PLA (Silane-g PLA) is electrospun afterwards. After hydrolysis
of the methoxy moieties to yield the HO-Silane-g-PLA, using a heat-treatment with exclusion of water
the material is crosslinked. Since the ﬁrst reaction, the preparation of Silane-g PLA is done in a
high viscous melt, appropriate equipment capable of heavy stirring and processing of polymer melt is
necessary.
Because the silane grafted polymer can be puriﬁed before spinning, no cytotoxicity due to residues of
reactants can be expected. Degradation rates of the hydrolytic and enzymatic hydrolysis showed a
signiﬁcantly slower hydrolysis than neat PLA, but the material was still biocompatible and degradable.
The second method described here is the crosslinking of PLA using Triallylisocyanurate (TAIC) as a
crosslinker. The reaction is in principle similar to the silane coupling, as a radical initiator is needed,
but here electrospinining is done before.
Qiao and coworkers [104] demontrated the crosslinking of PLLA ﬁbers with TAIC. They prepared the
ﬁbers and soaked them afterwards in an organic solvent containing all the reactands under reduced
pressure. Then they clamped the membranes together and heated them at 140 °C for one hour. They
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reported crosslinking of PLLA nanoﬁber mats with a signiﬁcant increase in tensile strength and Young's
modulus.
Another option is to prepare electrospun nanoﬁbers with the crosslinking agent already spun into the
ﬁbrous material as a sleeping crosslinking agent. This is shown in Figure 2.15 in the lower reaction
path.
A diﬀerent approach to increase the mechanical properties is by applying annealing of the polymeric
structures at elevated temperatures in order to inﬂuence the crystallinity of the electrospun nanoﬁbers.
The eﬀects of annealing on morphology and mechanical properties of individual nanoﬁbers as well as
on bulk polymer have been investigated lately [105107]. Tan and coworkers [105] showed annealing of
PLA nanoﬁbers leads to signiﬁcant higher crystallinity as well as improved mechanical properties and
a diﬀerent surface morphology. They concluded that some crystallites join and merge with adjacent
ﬁbers. This could possibly improve the mechanical properties and structural stability of PLA nanoﬁber
aerogels without use of any crosslinking agent. The eﬀect of annealing and cold crystallisation was also
reported in one of Ramakrishna's earlier publications [108], showing how electrospinning parameters,
conductivity and polymer concentrations may aﬀect the crystallinity and mechanical properties. They
claimed that PLA nanoﬁbes with a higher oriented crystalline structure show improved mechanical
properties. The eﬀect of the supramolecular structure on mechanical properties of nanoﬁbers was
also intensively investigated by Zussman [109], leading to a new model describing those eﬀects. They
mentioned that a gradual ordering due to processing can lead to improved crystallinity and therefore
improved mechanical properties. Since this method does not require any chemicals, it can be considered
the best option. A diﬀerent approach would be to blend the polymer with another which has a lower
melting point, for example with polycaprolactone (PCL) and use the lower-melting polymer as a glue.
2.8 Closing thoughts
After an introduction to 3D printing and the application of the same in tissue engineering followed
by novel approaches to prepare porous, ultralight structures by 3D printing, the initial very broad
perspective has been narrowed down to a very speciﬁc ﬁeld of interest: Facilitating 3D printing of
nanoﬁber suspensions in order to build nanoﬁber based highly porous aerogels with low densities. The
method of choice, cryo-3D printing has been discussed as well and some important concepts regarding
the expected ﬂuidic behaviour of nanoﬁber suspensions have also been introduced. Rational reasons for
choice of materials, PAN and PLA, as model polymers have have been brought forward and possibilites
of stabilization have been explained. The next chapter will be the transfer of the theoretical background
into a fully functioning 3D printing setup capable of processing nanoﬁber suspensions.
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3.1 Introduction
The following chapter will describe all materials and methods used in this work. At the beginning, a
general overview of instruments and devices will be given. Afterwards, the 3D printing setup will be
explained in detail. Since the hardware is only half the equipment needed, the software used as well as
printing proﬁles and the ﬁrmware conﬁguration will be explained. The preparation of PLA nanoﬁbers
by electrospinning and processing of PAN and PLA nanoﬁbers into short nanoﬁber suspensions will
be demonstrated afterwards since after providing a 3D printing method, an adequate printing material
is needed. The preparation of nanoﬁber aerogels by freeze-casting, in order to have materials to be
compared with the cryo-3D printed ones, will then be explained. This will conclude the materials and
methods section before showing the results in detail in the next chapter.
3.2 Devices, instruments and chemicals
The devices used within this work are listed in Table 3.1. Electrospun PLA nanoﬁbers were prepared
with a NanospiderTM NS Lab 500 S from Elmarco. The subsequent cutting of the ﬁbers was done
with a standard IKA T25 Ultraturrax homogenizer using a S25N-18G cutting head. The rheological
investigation of ﬁber suspensions was achieved on a RVIII Ultra rotary rheometer from Brookﬁeld with a
V71 vane spindle. Freeze-drying was done with a Lyo Pro 3000 instrument. The mechanical properties
of the nanoﬁbrous aerogels were tested on a TA.XT plus texture analyzer. Images from scanning
electron microscopy were recorded either in high resolution on a FEI Quantum FEG250 or on a FEI
Phenom table top SEM. All samples were sputter coated with gold prior to imaging using the standard
in-house polymer method. The printing setup will be explained in the respective chapter, but the basic
system was a Aﬁnibot 3D printer with a Kossel geometry (www.3dprintersonlinestore.com) and for
the suspension delivery a syringe pump was used. Heating and crosslinking at elevated temperatures
were done in a standard laboratory oven. ATR-FTIR spectra were recorded on a Bruker instrument
equipped with a a golden gate ATR unit. Thermal analysis of polymeric nanoﬁber samples was done
with a DSC 1 Star® system from Mettler Toledo.
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Table 3.1: Standard devices and tools used within this work.
Description Device Manufacturer
Free- Surface Electrospinning Unit NS Lab 500 S Elmarco
Homogenizer T25 Ultraturrax with S25N-18G IKA
Scanning Electron Microscope FEI Quantum FEG250 FEI
Gold sputter coater Quorum Q15RS Quorum
Syringe pump NE 1000 syringepumps.com
Freeze-dryer Lyo Pro 3000 Heto
Diﬀerential Scanning Calorimetry Star Mettler Toledo
Rheometer with spindle RV III Ultra with V71 Brookﬁeld
3D printer Aﬁnibot MicroDelta www.aﬁnibot3dprinter.com
Texture analyzer TA.XT plus Stable Microsystems
Laboratory oven Binder
FTIR-ATR with Golden Gate Bruker
PLA was given as a courtesy from RMB ﬁbers and PAN nanoﬁbers were purchased from Pardam. The
solvents for electrospinning, chloroform and ethanol were used as received. Crosslinking agents and
the radical initiator dicumyl peroxiode (DCP) were obtained from Sigma Aldrich. All chemicals are
given in Table 3.2. No information regarding the average molecular weight of the PLA raw material
was available. Since diﬀerent batches of the solvents ethanol and chloroform were used, no speciﬁc
LOT number can be given.
Table 3.2: Chemicals and solvents used in this thesis.
Substance CAS number Supplier Description / LOT
Polylactic acid (PLA) 26100-51-6 RMB ﬁbers F 17999 SLN 26600; 20235
Polyacrylonitrile (PAN) nanoﬁbers 25014-41-9 Pardam NnF, 2016PARDAM0561
Chloroform 67-66-3 Acros 158210025
Ethanol 64-17-5 Sigma Aldrich 02870-2.5L
Xanthan gum 101138-66-2 Sigma Aldrich G1253-100G; SLBN1080V
Triallylisocyanurate (TAIC) 213-834-7 Sigma Aldrich 114235-100G; MKBW6771V
Dicumyl peroxide (DCP) 80-43-3 Sigma Aldrich 329541-100G; MKBT4963V
Vinyl trimethoxy silane (VTMOS) 2768-02-7 Sigma Aldrich 440221; SHBG0998V
After giving a short overview regarding instruments and chemicals used in this thesis, the development
of the cryo-3D printer will be explained next. The development of the cryo-3D printer together with
a printable nanoﬁber ink were the crucial parts of this thesis. The 3D printer and all components will
be explained in the following chapter.
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3.3 Description of the 3D printer
The following describes the 3D printer used for the deposition of nanoﬁber suspensions starting from
the original 3D printer up to the ﬁnal version.
Figure 3.1: Aﬁnibot Micro Delta 3D printer as purchased from www.3dprintersonlinestore.com. In
the middle the complete printer is shown. Subsection b.) shows the pulley and axis
system. Image c.) is the top view showing the delta- conﬁguration very well. Also the
original ﬁlament feeder is shown. The main image a.) also shows the critical parts to be
redesigned in order to facilitate suspension printing. The physical parts to be changed
are the printing head and and the printing bed. Furthermore new proﬁles of printing
parameters, for example for slicing and changes in the ﬁrmware are required. Images was
taken from the online shop it was purchased from [110].
The original conﬁguration of the selected 3D printer is shown in Figure 3.1. Since it is an FDM
3D printer designed for 1.75 mm polymer ﬁlaments, several crucial parts had to be redesigned. The
printing head in the FDM conﬁguration consists of a hot end, temperature sensor, two fans and a
mechanical end stop for z-calibration. Since none of those parts were required for suspension delivery,
several generations of alternative printing heads were designed. Moreover the original printing bed of
a circular ceramic plate with an additional heating option used to prevent warping and to increase
adhesion when processing FDM materials was not suitable for cryo-3D printing either. Instead of the
heated bed a cryo bed using a large heat sink and a second option, utilizing a peltier element for cooling
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were tested. Additionally, a new printing bed holder to be ﬁxed on a standard Dewar container was
designed. Regarding the interface and controls of the printer some small adjustments in the ﬁrmware
of the 3D printer had to be made and completely new printing settings and printing proﬁles had to be
developed. Firmware changes were done by G-code commands using Printrun 2014.08.01-prnterface
for communicating with the printer. The development of printing parameters, proﬁles, slicing as well
as printing was done in repetierHost 1.0.6. Details of each redesigned component will be given in the
respective chapters.
It is noteworthy that the total costs of the printer including shipping from China were around 300 USD.
Therefore the cryo-3D printing setup presented here can be considered an ultra low-cost 3D printer.
All custom-made parts were prepared by 3D printing, using FDM 3D printing and PLA (INGEO)
on either a DMS DP5 3D printer running on CURA 15.04 or a CETUS 3D printer using CETUS3D
V1.01.1.1. The CAD designs were done in 123Design from Autocad and the 3D printed parts of new
printing heads as well as our innovative suspension delivery system will be shown in the next chapter.
3.3.1 Printing head and suspension delivery
The ﬁrst generation of printing heads was designed to ﬁt directly in the already available cavity of the
original printing head instead of the hot end, heat break and temperature sensor. Its sole use is to ﬁx
a 10 mL syringe which holds a Teﬂon tube at its end in order to dispense directly from a syringe pump
to the printing bed. This very primitive printing head is shown in Figure 3.3 as a CAD model and in
Figure 3.4, a reprinted copy is shown.
Since early experiments showed that delivering of the ﬁber suspension directly from the syringe pump
to the printing bed via several interfaces is very challenging, a second generation, completely replacing
the original printing head, was developed, aiming at overcoming the major challenges which will be
explained in the following paragraph.
The main challenges to overcome were clogging at interfaces and destabilisation of the suspension by
segregation of ﬁbers and the dispersant, water. The ﬁrst challenge is attributed to the nature of the
coupling devices used to attach the Teﬂon tube to the syringe or to connect a needle to a Teﬂon
tube, since their steep narrowing at the interface promotes blocking by ﬁbers. The second major
challenge occurred mainly over time while the suspension was pumped through the Teﬂon tube and
was considered to be time-depended. This means, the longer the tube of transportation from the
syringe pump to the suspension deposition is and the longer the time of travelling of an individual
volume unit is, the more likely segregation is to occur. Therefore the time and distance of transport
must be minimized.
Altogether three diﬀerent approaches to maintain a constant and homogeneous ﬂow of nanoﬁber sus-
pensions were investigated, their principles are shown in Figure 3.2. In the ﬁrst approach a syringe
with an appropriate ﬁber suspension is being loaded into the syringe pump. The ﬁber suspension is
pumped through a Teﬂon tube into the printing head where a syringe is mounted to guide the Teﬂon
tube. At the very end of the tube, a needle is mounted as a printing nozzle. Here are two interfaces to
pass, which both promote blocking. Furthermore the time of delivery from an individual unit volume
is very high, giving rise to segregation.
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Figure 3.2: Three diﬀerent approaches for nanoﬁber suspension delivery. The ﬁlled blue shapes indicate
ﬁlling with nanoﬁber suspensions. From top to bottom: a.) Conventional dispensing with
a syringe pump, Teﬂon tubing and a nozzle. b.) Nozzle-free direct suspending from Teﬂon
tube. c.) Delivery using a support ﬂuid, double plunger and a syringe coupler to minimize
time of pumping and number of interfaces.
This method of delivery was improved by removing the needle. By paying the price of loss of stability
provided by a steel needle in favour of improved delivery, this particular bottleneck was removed. The
plain tube served as a nozzle but the delivery was still inconstant, making printing impossible.
The third, and ﬁnal option shown in Figure 3.2 uses a second syringe which is primed with a supporting
ﬂuid. The underlying concept of this dispensing method is to use a water-ﬁlled syringe in the syringe
pump which is connected to the Teﬂon tube and to another syringe. This syringe directly translates the
delivery to the suspension holding syringe with a double-piston-driven custom-made syringe. The force
applied by the syringe pump to the support syringe is directly translated to the suspension containing
syringe. The suspension containing syringe with the syringe connector, double piston and the support
syringe is ﬁnally mounted on the printing head as shown in Figure 3.3. This delivery system proved
to be the best solution and a lot of eﬀort was taken to adjust the printing head to this unique delivery
solution, resulting in the next generations of printing heads as presented in Figure 3.3.
A major improvement was already the second generation printing head. Since the base plate is ﬁxed in
the printer and the syringe holders are attached on the base plate as shown in the sub-image under c.)
a high ﬂexibility is achieved, meaning the same base plate can be used for all sizes of syringe holders.
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The syringe couplers used for the double-plunger-setup are shown in Figure 3.3 in the last subsection
and an application example is given in Figure 3.5, showing the coupling device as well as the double
piston.
Figure 3.5: Syringe couplers showing the principle of the syringe couplers and the double plunger. Two
syringes with a mutual double plunger can be ﬁxed tightly.
As a last measure to keep the suspension homogeneous and in a continuous ﬂow, a magnetic stirring
system was built onto the printing head. In the subsection of the second generation printing head
in Figure 3.3 as well as in Figure 3.4 this is shown. For the second generation, a small case holding
an electric motor with an eccentrically mounted magnet with a diameter of 20 mm was used. With
continuous stirring in the suspension-ﬁlled syringe, dispensing was tremendously improved. This proof
of concept led to the third generation of printing heads:
Since the eccentrically mounted magnet at its high revolutions caused disturbances, vibrations and
rattling at the printing head, a more sturdy and rigid motor case was built into the head to yield an
all-in-one printing head. Stirring was then made possible while minimizing the noise. This printing
head was predominantly used for the printing experiments with a 20 mL syringe mounted in it, although
printing heads for other syringe dimensions were prepared as well.
The last printing head shown in Figure 3.4 in the subsection d.) is a streamlined and optimized
geometry of the third generation. The goal was to use it upside down as well, in order to receive more
freedom in the printing room by separating the three axes from the printing bed as far as possible. It
was also designed for 20 mL and 50 mL syringes. So far it was only tested once and found to be fully
functional.
As mentioned above, not only the number of interfaces which have to be passed, but also their shape and
angle is crucial for a continuous ﬂow. An illustration of this issue is given in Figure 3.6. Conventional
needles, as depicted on the left side in the sub image a.) show a very sudden decrease of diameter. The
magniﬁed image here symbolizes the acute angle at the narrowing. The angle α in the image is close
to 90° and ﬁbers potentially get caught at the edge and clogging happens frequently. The right image
shows a much smoother and gentle narrowing of the nozzle with a constant decrease towards the tip.
A SEM image of the cross-section of the syringe-needle interface as shown in Figure 3.6 was recorded
to get certainty of the the proposed geometry. Here an additional challenge can be observed: Between
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the syringe and the needle, there is a gap of roughly 1.5 mm. Moreover a dead volume left and right of
the needle-inlet can be seen. Apparently, the ﬁber suspension is directly pumped towards the relatively
sharp edge of the needle, which leads to ﬁber aggregation at the rim as well as inhomogeneous ﬂow
conditions due to the dead volume and the gap.
Figure 3.6: Schematic nozzle geometries. From left to right a.) conventional needle, the magniﬁcation
shows the narrowing and the angle at the interface with an SEM image showing the real
connection of syringe and needle, b.) custom made prepared nozzles with a constant but
smoother narrowing.
After analysing this rather unsuitable geometry it became clear that an alternative nozzle had to be
found. It was suspected that a nozzle shape as shown in Figure 3.6 in b.) might beneﬁt the dispensing
process signiﬁcantly and since early experiments conﬁrmed an improved suspension with those nozzles,
focus was put on developing a set of new nozzles. Photographs of three selected nozzles which were
used for printing are shown in Figure 3.7.
Figure 3.7: Images of three diﬀerent nozzles, already loaded with nanoﬁber suspension. The very
smooth narrowing can be observed.
The custom-made nozzles were made from polymer and glass but glass nozzles turned out to be very
unpractical for this application due to occasional breaking at contact with the frozen printed material
if the movements of the printer were too harsh. Standard Eppendorf tips were used for the preparation
of the polymeric nozzles. They were glued onto a a syringe with an drilled outlet of 6 mm in diameter.
Glass Pasteur-pipettes were used for the preparation of glass nozzles. They were cut accordingly and
glued on a syringe as well. The diameters of the nozzles were measured roughly with a pair of vernier
callipers.
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Since they are opaque, the delivery process can be observed very well during printing. All nozzles were
thoroughly tested with various suspensions prior to use.
After accomplishing the design of a printing head and a suitable delivery system, a printing bed for
rapid freezing of the deposited material had to be developed.
3.3.2 Printing bed
In order to achieve immediate freezing of the suspension deposited onto the bed, a suitable cooling
system had to be found. Initially, two options for rapid freezing were investigated. The ﬁrst one
uses a peltier element as a heat sink while the other one uses a cooling bath of liquid nitrogen and
ethanol. While the ﬁrst option allows to control the temperature on the surface very well with a peltier-
controller, the second one can provide much lower temperatures down to roughly -100 °C, which should
facilitate rapid freezing.
Peltier elements are known for very fast cooling and very accurate control, but a massive heat sink on
the opposite side of the cold surface is required to remove excess heat. Here a 200 mm × 200 mm × 40
mm aluminium heat sink was used. Early experiments showed that a metal body of this size is too small
for a proper energy exchange. Furthermore, no convection by fans or an additional water bath serving
as cooling reservoir was available. Altogether it was possible to maintain a temperature low enough
for roughly 40 minutes in a cooling room at an ambient temperature of 3 ± 1 °C. Unfortunately, the
steady temperature increase of the metal body due to insuﬃcient heat removal hampered the printing
after 40 minutes.
Figure 3.8: Geometry of the 3D printed printing bed. From a.) to c.): top view, bottom view and side
view of the rim. The dimensions were deﬁned to ﬁt exactly on a Dewar container. The
parts were printed from PLA.
The second option proved to work very well. A rim that ﬁts on a standard Dewar container was designed
and 3D printed according to the geometry shown in Figure 3.8. The four levers allow an aluminium
or copper bed to be inserted around 30 mm deep into the Dewar container. By using thumbscrews,
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the height could be adjusted so that the printing bed was in direct contact with an ethanol / liquid
nitrogen cooling bath prepared earlier. Additionally, the heat transfer from the cooling bath to the
metal plate was very good and a bed temperature less than - 50 °C could be achieved for a suﬃcient
amount of time. In case of warming, liquid nitrogen was poured over the printing bed to cool it down
fast and easily. Another feature of this 3D printed device is the possibility of complete removal of
the rim and the printing bed attached. The whole printed structure can then be immersed in a larger
Dewar container with liquid nitrogen to freeze the entire structures before removing it from the printing
bed. Therefore the risk of disruption of incompletely complete frozen layers could be minimized. The
complete assembly showing the rim, bed and the Dewar container is depicted in Figure 3.9. An image
of the peltier cooling plate is shown as well in subsection a.). The peltier controller and power supply
were built in house and are not shown here.
Figure 3.9: Images of the peltier cooling system in a.) and the assembly of the 3D printed printing
bed in b.) from left to right: bottom view of the printing bed. Aluminium printing bed
installed on the rim. Final printing bed with support-paper glued and mounted on the
Dewar container.
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During printing it was found that adhesion between the cold metal surface and the frozen suspension
is also crucial. It was observed that if a small lateral force is applied on the printed material, this
can easily lead to complete detachment of the print from the surface. After the impact, pieces of
printed material are freely moving around on the print bed. The optical impression allowed to suggest
a high similarity to ice skating, therefore we coined the term the ice skating eﬀect. To overcome the ice
skating eﬀect a ﬁlter paper was glued onto the surface of the print bed. By soaking it in water prior
to printing, a thin ice layer was built on the ﬁlter paper and the adhesion was signiﬁcantly improved.
Some prints could not even be removed anymore after printing due to the increased adhesion and had
to be freeze-dried directly on the printing bed.
After a detailed description of the hardware, the next chapter will focus on the software to control the
printer, small changes in the ﬁrmware and slicing parameters.
3.3.3 Software and printing procedure
After initial tests with the software recommended by the manufacturer, Cura v. 15.04, another software,
namely RepetierHost, was chosen due to its ﬂexibility in deﬁning oﬀsets necessary for levelling and
slicing parameters. RepetierHost also allows the direct and fast change of ﬁrmware settings.
A summary of the printing parameters is shown here in Table 3.3. The ﬁrst layer was set to a height
of 1 mm to ensure adhesion of the print. Three vertical shells were found to be suﬃcient for a correct
shape. Three solid layers on top and bottom should provide a complete bottom plate as well as a
nice surface ﬁnishing on top of the print. The inﬁll density of 70 % was found to work well. The
maximal speeds of the printer were taken from a default proﬁle but manually reduced to roughly 30 %.
It was observed that slower printing increases the quality of the print because freshly deposited layers
have more time to freeze and reach a lower temperature before the next layer is deposited on them.
As a skirt just one layer was chosen. In general, a skirt layer proved to be important to prime the
nozzle because of a small delay between the start of the printer's movements and the syringe pump.
By printing the skirt in advance, it was ensured that the deposition of nanoﬁber suspension started
correctly synchronized with the printer's movements.
The nozzle diameter was set to 4 mm, although the true diameter of the nozzle varies between 1
and 2 mm as shown in Figure 3.7. The deposited straight line of frozen suspension was found to be
between 3 and 4 mm. Therefore instead of deﬁning empty lines it was easier to deﬁne the nozzle size
accordingly. Start and end G-code were also taken from standard proﬁles because they support the
printing procedure.
The G28 command resets all axes and ensures a start of the printing procedure exactly in the centre
of the printing bed, while the second command in the start G-code deﬁnes lifting of the nozzle when
travelling. This prevents damages at the printed object due to nozzle scratching. Since the travel
speeds are usually much higher than printing speeds, in the event of a collision of the nozzle and the
printed material, the greater momentum of the travelling nozzle might cause an even greater damage to
the printed structures. The G-codes after the print has been ﬁnished or stopped set the temperatures
to zero, put the printing head back into its initial position and shut down all motor functions. Since the
extrusion temperature was set to 0 °C anyway, the ﬁrst command is of course redundant for cryo-3D
printing but it can be considered a safety feature.
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Table 3.3: Summary of slicing proﬁle in RepetierHost which was developed for cryo printing.
Parameter Value Remarks
First layer 1 mm
Vertical shells 3
Solid layers 3 (bottom), 3 (top)
Inﬁll density 70 % (rectilinear)
Max. speed 60 mm s−1 For perimeters
150 mm s−1 For inﬁll
150 mm s−1 For travelling
Manual speed control 30 % of max.
Skirt 1 layer
Nozzle diameter 4 mm
Start G-code G28 Home all axes
G1 Z5 F5000 Lift nozzle
End G-code M104 S0 Set extruder temp. to 0
G28 X0 Home X axis
M84 Disable motor
The software interface is shown in Figure 3.10. The aim of presenting the screenshot here is to give
a rough overview. The functions will not be discussed in detail. a.) Shows the printing space which
usually shares a view of the object to be printed. Here the individual layers as well as the skirt are
shown. The four main control tabs for object placement, slicing, printing and control are shown here.
In subsection b.) details from the printer's ﬁrmware are shown.
Changes in the ﬁrmware were done regularly to adjust the print height for the nozzle and printing bed
prepared. Since all nozzles have slightly diﬀerent geometries and the bed height might vary, periodic
levelling of the printer was necessary. This was done by redeﬁning the z-maximum length in mm. A
design was loaded into the software and sliced. The printing bed was prepared and the syringe already
loaded with suspension. With the syringe in place, the printing head was moved to its lowest position
close to the printing bed. Then the distance of the nozzle and the printing bed was measured. This
diﬀerence was added to the z length in mm as deﬁned in the ﬁrmware. With this, the printing height
was adjusted to this unique combination of nozzle and bed height
After adjusting the print height the printing process was started by following the steps of:
1. Moving the printer to home position
2. Reassuring the temperature at the printing bed is lower than -50 °C
3. Start of the magnetic stirrer to maintain a very well dispersed ﬁber suspension
4. Priming the suspension carrying syringe by starting the syringe pump with a ﬂow of 4-6ml min−1
until ﬁrst drops of suspension are dripping, afterwards the syringe pump is stopped immediately
5. Reassuring slicing is done correctly
6. Starting the printing process in the software and starting dispensing at the syringe pump at the
same time.
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After the printing process was completed, the printed objects were frozen in liquid nitrogen, removed
from the printing bed and kept in the freezer at -20 °C before freeze drying. For comparison with
freeze-casted aerogels, cylindrical structures were prepared. As a promising application example a
mandibular was reprinted from a free available CAD model [111]. Furthermore several test prints to
specify printing resolution and printing capabilities were performed.
To summarize, a custom-made 3D printing setup capable of dispensing nanoﬁber suspensions has
been presented in this chapter. After this rather technical chapter, the following chapters will discuss
nanoﬁber-related topics, starting with the preparation of electrospun nanoﬁbers.
3.4 Preparation and characterisation of electrospun nanoﬁbers
PAN nanoﬁber mats were purchased ready to use as non-wovens from Pardam. PLA nanoﬁbes were
prepared in house according to literature [112] and according to recommendations from the University
of Liberec. A solution of 5 % w/w PLA in chloroform/ethanol with a ratio of 9/1 was prepared
and spun with free surface electrospinning (NanospiderTM, Elmarco) using a wire electrode with a
rotational speed of 8 rpm. The diameter of the wire was 0.4 mm and 6 wires were used. The collector
distance was set to 190 mm and paper was used as a substrate. Since the local temperature of 30 ±2 °C
as well as the humidity of 40 % Rlt were very high, a higher concentrated polymer solution could not
be spun successfully. Experiments were conducted at 55 kV, 60 kV, 65 kV and 70 kV. The average
ﬁber diameter was measured from a single image using at least 100 ﬁbers using ImageJ [113].
3.5 Preparation of short nanoﬁber suspensions
Since PAN nanoﬁbers and PLA nanoﬁbers were cut under similar conditions, a general procedure for
both polymers is given here. According to the literature of paper and pulp, and as described earlier,
Xanthan gum as an additive was used for the preparation of printable suspensions. The concentrations
prepared are summarized in Table 3.4.
Table 3.4: Mass concentrations of nanoﬁber suspensions used in this work.
Polymer Mass concentration / mg mL−1 Additive Xanthan Gum / %
PAN 5 0, 2.5, 5, 10
7.5 0, 2.5, 5, 10
10 0, 2.5, 5, 10
PLA 10 0, 2.5, 5, 10
20 0, 2.5, 5, 10
After electrospinning and characterisation, the nanoﬁbers were cut similar as reported previously in
our group [68]: Fiber mats were pre-cut into small pieces of approximately 1 x 1 cm² with scissors.
Further cutting was done with an IKA Ultraturrax homogenizer using a S25N- 18G cutting head. 2 g of
precut ﬁbers were suspended in approximately 100 mL water and homogenized at 20× 103 revolutions
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per minute for 15 minutes. Due to the induced shear forces, the suspension would eventually warm
up. The warm suspension was cooled to room temperature and cutting was repeated three times. The
short ﬁbers were ﬁltered oﬀ, washed thoroughly with ethanol and dried under a reduced pressure of
100 mbar at 45 °C overnight. The average ﬁber length was measured using a 1 mg mL−1 aqueous
suspension which was diluted 1/10, 1/100 and 1/1000. A small volume of 20 µl of suspension was
deposited on a TEM grid with a rectangular pattern with an edge length of 40 µm. After evaporation
of water and careful drying using a heat gun, the samples were ﬁxed on conductive carbon tape and
sputter coated with gold prior to SEM imaging. The whole TEM grid was systematically scanned and
all short ﬁbers with an identiﬁable beginning and end were measured using a multi segmented line in
ImageJ. In general, not less than 200 individual ﬁbers were measured. Suspensions of short nanoﬁbers
in water were prepared according to the concentrations given in Table 3.4 with varying concentrations
of Xanthan gum as described there. The content of Xanthan gum is always based on the dry mass of
cut polymer ﬁbers used. For a 10 mg mL−1 PAN suspension with 10 % Xanthan gum, for example,
200 mg polymer ﬁbers were mixed with 20 mg Xanthan gum in 20 mL water.
The viscosity of ﬁber suspensions was measured using a Brookﬁeld RVIII Ultra rheometer with a V71
vane spindle. The viscosity was measured at diﬀerent revolutions per minute in order to investigate
whether the suspensions followed a Newtonian ﬂuid behaviour or showed deviations towards shear
thinning. Speeds of 40, 80, 120, 160, and 200 revolutions per minute were chosen. The cylindrical
sample container had a diameter of 53 mm and was ﬁlled with 200 mL of ﬁber suspension. All
measurements were performed without temperature control at a room temperature of 22 ± 2 °C.
These nanoﬁber suspensions were used for cryo-3D printing experiments as well as for the preparation
of freeze-casted reference materials. The preparation of the reference materials will be explained in the
following chapter.
3.6 Freeze-casted nanoﬁber based aerogels
In order to compare 3D printed nanoﬁber based aerogels with counterparts obtained by freeze-casting,
a set of nanoﬁber aerogels with the concentrations shown above were prepared. As a standard-shape
we chose a cylindrical shape. Teﬂon septums with an inner diameter of 34 mm were used as molds.
To resemble the 3D printing conditions regarding freezing conditions, the freeze-casted aerogels were
prepared by rapid freezing in liquid nitrogen. The whole process from suspension preparation towards
the aerogel and further testing is shown in Figure 3.11. The procedure starts with casting the ﬁber
suspension in appropriate molds and freezing them. Afterwards the frozen solvent is removed by freeze-
drying and the nanoﬁber aerogel is obtained. Investigations regarding mechanical properties, internal
structure and density were done after freeze-drying and after crosslinking, respectively.
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Figure 3.11: Processing steps for the preparation of nanoﬁber based aerogels as reference materials from
left to right: Casting, freezing and freeze drying. Three characterisation methods, namely
scanning electron microscopy, determination of Young's modulus and measurement of
geometry for calculation of the density and porosity are shown as well.
In this work, the suspensions as described in chapter 3.5, were poured into the casting mold. Afterwards
the molds were submerged to 75 % of their height into liquid nitrogen to prevent liquid nitrogen from
entering into the suspension from the open surface on top of the open mold and to facilitate a very fast
and continuous freezing from the outside towards the core of the suspension. After storing the frozen
specimens at -20 °C, they were freeze-dried overnight using the freeze-drier mentioned above in chapter
3.2 in Table 3.1. The density was calculated by weighing the aerogels and measuring the geometry
with a pair of vernier callipers. Stress tests in order to calculate the Young's modulus were done with
a threshold of 5 g very carefully to a 10 % compression. Samples for scanning electron microscopy
were cut as shown in Figure 3.11 to yield two half cylinders. Cross-sections obtained by cutting with
a fresh razor blade were gold coated before scanning.
One future application of nanoﬁber based aerogels is seen in tissue engineering as already explained.
Therefore the structural integrity of those aerogels upon immersion in aqueous media is of importance
and diﬀerent methods of crosslinking will be explained in the next chapter.
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3.7 Crosslinking and stabilisation of PAN aerogels
Crosslinking of PAN aerogels to yield structural stability was done in a standard laboratory oven
at 250 °C for 15, 30 and 45 minutes in air. The reaction progress was monitored using ATR-FTIR
spectroscopy. Spectra were collected from 600 cm−1 to 4000 cm−1 with a resolution of 2 cm−1 and
8 scans per sample were recorded. One sample was exposed to 250 °C overnight in order to show
a complete stabilization. A signiﬁcant change in colour was observed. For comparison of cryo-3D
printed and freeze-casted materials, a crosslinking time of only 15 minutes was chosen due to an
already signiﬁcant change in stability and colour. Moreover a crosslinking time of 15 minutes also
already showed a signiﬁcant improvement of structural integrity in water. To measure the inﬂuence
on the ﬁber diameter and morphology, a TEM grid was glued on a nanoﬁber mat in order to specify
the exact location of interest. The sample was then sputter coated with gold and the ﬁber diameter of
100 nanoﬁbers was measured. Afterwards the very same sample was exposed to 250 °C for 15 minutes
in a standard laboratory oven. After additional sputter-coating, the ﬁber diameter was measured. For
further measurements of densities and mechanical properties, only aerogels stabilised at 250 °C for 15
minutes were used. Those conditions were used for freeze-casted aerogels as well as for cryo-3D printed
ones.
3.8 Crosslinking and stabilisation of PLA aerogels
3.8.1 Silane grafting and TAIC coupling
Attempts of preparing silane-grafted PLA were done by heating 5 g PLA on a sand bath to approxim-
ately 210 °C until the highly viscous melt could be stirred with a glass rod. 500 mg VTMOS and 50
mg DCP were added drop wise while stirring the highly viscous melt with a glass rod. After completed
admission, the melt was stirred for another 5 minutes.
Afterwards the polymer was allowed to cool to room temperature before dissolving in chloroform
and ethanol was tried. Unfortunately, the silane grafted polymer obtained by this coarse method of
synthesis was not soluble anymore and further experiments were cancelled in favour of TAIC coupling
and temperature treatment for annealing of nanoﬁbers.
Since the silane grafted PLA reported by Rahmat and coworkers [103] was prepared using highly
sophisticated extruding and polymer processing equipment, it was not surprising that our attempt
was not as successful. In a second attempt, all reactants were mixed into the PLA solution prior
to electrospinning. The approach here was to provide VTMOS and DCP loaded ﬁbers which could
be crosslinked afterwards. VMTOS and DCP loaded ﬁbers were successfully spun using the same
parameters as for the regular PLA, but unfortunately due to lack of time, these experiments had to
be terminated.
According to the procedure described above in chapter 2.7.3, pure PLA ﬁbers were immersed in a
solution containing DCP and TAIC in petroleum ether. After 20 minutes the solvent was removed by
applying a low pressure of a few mbar. After additional drying under reduced pressure for one hour,
the samples were crosslinked as reported at 120 °C. Unfortunately, all samples decomposed during
heating completely into a black sludge while developing smoke and fumes. Crosslinking as reported by
Qiao could not be reproduced.
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Therefore solutions of PLA, DCP and TAIC were prepared and electrospun together. Solutions with
10 %, 25 % and 50 % TAIC were co-spun. Afterwards, crosslinking at elevated temperatures of 120
°C was done. The process was monitored using ATR-FTIR. The same settings as described above for
monitoring PAN crosslinking were used.
These experiments were all prepared in the ﬁber mat and a proof concept would have allowed further
processing of the nanoﬁbers containing crosslinking agent towards aerogels. Fibers containing high
loads of TAIC could not be cut into individual short ﬁbers anymore. The cut pieces resembled more
ﬂakes of crosslinked ﬁbers than individual ﬁbers and could not be suspended in water anymore. Since
no stable suspensions could be prepared, any further experiments were cancelled. Fibers containing
moderate amounts of TAIC showed no major diﬀerences from regular PLA ﬁbers.
Additionally very controversial ATR-FTIR spectra were recorded, showing a fast degradation process
of TAIC at elevated temperatures and data were not in agreement with published work from Qiao [104]
and coworkers. A detailed discussion of the results in the following chapter will shed light on those
discrepancies.
The temperature treatment of reference materials without any crosslinking agents showed increased
stability of the ﬁber mats after the heat treatment and therefore temperature treatment of PLA
nanoﬁbers was used for stabilization as explained next.
3.8.2 Temperature treatment, annealing
Final temperature treatment in order to promote annealing and stabilisation of the PLA ﬁber mats
was done at 120 °C for 15 minutes, 30 minutes and one hour in air. SEM images were recorded
after annealing to ensure a preserved ﬁbrous structure. Furthermore the diameter of nanoﬁbers as a
function of time of the temperature treatment was measured. Therefore the diameter of 100 ﬁbers
from 10 selected positions was measured before the temperature treatment and after the respective
time of temperature exposure. The eﬀect of stabilization with respect to the degree of crystallisation
was investigated using DSC. A temperature ramp of 10 °C per minute starting from 15 °C up to 300
°C was used. Data were compared qualitatively only to describe conformation changes within the
polymer. The temperature treatment was found to be a very practical method for stabilization and
aerogels prepared from PLA were stabilized with this method.
3.9 Closing thoughts
Starting with a sound package of theoretical considerations, the progress towards a fully functioning
cryo-3D printer, especially the iterative process of developing a new hardware was presented. The
process of designing a suitable printing head to be installed in the existing 3D printer has created
four generations of printing heads and in the process of developing a cold printing bed, two options
have been investigated. While one was discarded, the cooling bed based on a Dewar container showed
practicability and was used throughout all experiments. The ﬁne tuning of the software by deﬁning
ideal printing parameters was also an important part of developing the instrument. Throughout the
development, the precise description of the problems which appeared, for example the clogging at
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interfaces, ice skating eﬀect or the special geometry of nozzles needed in order to overcome them was
always kept in mind.
The preparation of electrospun nanoﬁbers and the subsequent processing into stable and printable
suspensions with one eye forward towards crosslinking and structural integrity in liquid was the next
logic move towards cryo-3D printed aerogels, which were the main goal of this thesis. Nevertheless
similar materials from well established freeze-casting methods had to be prepared in order to critically
compare both fabrication processes. This will be done in the following section.
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4 Results and discussion
The results of the experiments described in the previous chapter will be shown accordingly. First, the
cryo-3D printing setup, in terms of printing resolution and the rheological behaviour of the nanoﬁber
suspensions will be evaluated and discussed. Afterwards all results regarding electrospinning will be
shown. Finally, the aerogels obtained from freeze-casting as well as cryo-3D printing will be shown
and compared regarding density, morphology and mechanical properties. This will conclude the results
and discussion section and a holistic outlook will follow.
4.1 Printability
Printability represents a sum of parameters directly inﬂuencing the cryo-3D printing process. Printab-
ility is here deﬁned as the ability to dispense a nanoﬁber solution homogeneously without blocking of
the nozzle or segregation. This depends on the hardware used, as well as on the nanoﬁber suspension
to be printed. First, the results from nozzle sizes and test prints to determine the printing resolution
are shown.
4.1.1 Printing resolution
A test model to characterize the x and y resolution was developed and successfully printed. The
single layer thickness of diﬀerent nozzles was measured by hand-dispensing (cryo-drawing) of nanoﬁber
suspensions. Since each nozzle was diﬀerent due to custom manufacturing, a range of printed line-
widths is more important than an exact ﬁgure of the diameter of an individual nozzle. In Figure 4.1
six diﬀerent lines with a 90 ° turn are printed.
Measuring the individual line width, all six nozzles showed comparable widths of 4 ± 1 mm. The
widths of all individual lines are displayed in table 4.1.
Table 4.1: Comparison of single lines of PAN ﬁber suspensions deposited using diﬀerent nozzle diamet-
ers. All lines deposited were found to be between 3 mm and 5 mm.
Line Line width / mm
a 3 - 4
b 3 - 4
c 4 - 5
d 3 - 4
e 3 - 4
f 3 - 4
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Figure 4.1: Single-line deposition of PAN ﬁber suspensions by cryo-drawing using diﬀerent custom-
made nozzles. All lines were dispensed using a 7.5 mg mL−1 suspension with 10 % Xanthan
gum. The lines in a.) and b.) were printed with the white nozzle shown in Figure 3.7. c.)
and e. ) with the middle nozzle in Figure 3.7 and d.) and f.) with the yellow nozzle shown
there.
To specify the printing resolution in x and y, a test piece as shown in Figure 4.2 was designed. It
consists of four connected lines with increasing widths from 2 mm to 5 mm. While the blue shape
in a.) shows the actual geometry, the red underlying lines represent the travelling routes of the 3D
printer. The image in the middle b.) and on the right side under c.) are the already freeze-dried prints.
One can clearly see that parts of the slimmest lines, the most left one in the original design broke oﬀ,
but besides of that, the shape was reconstructed very well and the four lines can easily be distinguished
from each other. Flipping the print over, as shown in sub image c.) gives insight in the single line
resolution. Here one single line, as marked with red arrows, of 3 mm, can still be identiﬁed, all other
lines are fused together.
The overall size of 30× 34 mm2 as initially designed was recovered suﬃciently and the ﬁnal print had
dimensions of 35 × 36 mm2. The printing height was exactly one layer and was found to be 2.7 mm.
The print was prepared from a 7.5 mg mL−1 solution with 10 % Xanthan gum and had a total mass of
35 mg. The lateral resolution was determined to be 3 mm with a layer height of 3 mm as well. In d.)
the letters ZHAW have been printed to show the resolution in x and y qualitatively and to illustrate
the frozen suspension on the printing bed. The sub image e.) shows the frozen test print before the
freeze-drying process.
In the next chapter the results regarding the ﬂuidic behaviour and the rheological investigations will
be shown.
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4.1.2 Rheological investigation of the nanoﬁber ink
As explained before, cryo-3D printing requires a stable and homogeneous suspension, therefore the
rheological behaviour of nanoﬁber suspensions was investigated. Experiments showed that very high
concentrations of nanoﬁbers could not be deposited in a controlled way due to blocking and clogging of
the nozzle. For PAN, the upper concentration limit for cryo-3D printing was found to be 10 mg mL−1
with high contents of Xanthan gum while the cryo-3D printing experiments with PLA showed a higher
printable range, up to a maximum of 20 mg mL−1.
As mentioned in chapter 2.6, Xanthan gum was used as a thickening agent in order to prepare sus-
pension with an appropriate viscosity to print and the addition of Xanthan gum made the cryo-3D
printing possible. The data in Figure 4.3 show selected suspension viscosities at diﬀerent revolutions
per minute. The revolutions per minute applied in the rotary rheometer are proportional to the shear
rate. It can be clearly seen that the suspensions show a shear thinning behaviour, leading to decreased
viscosities if high shear forces are applied. This is beneﬁcial for the printing process and Jakus et
al. [20] reported a similar behaviour in their liquid 3D printing method. Cryo-3D printing without
any additives was not possible. The ﬁber suspensions blocked the nozzle or segregated during delivery
at low concentrations. The lowest concentration to be printed without Xanthan gum additive was
2.5 mg mL−1. This suspension contained not enough ﬁbers to build a 3D nanoﬁber aerogel.
In case of a 7.5 mg mL−1 suspension, the viscosity was increased from around 160 cP at 80 rpm to
almost 270 cP by adding Xanthan gum. This is very close to the viscosity of a ﬁber suspension with
a concentration of 50 mg mL−1 without Xanthan gum. A suspension with 50 mg mL could not be
printed due to blocking of the nozzle.
The results of the rheological investigations are plotted in Figure 4.3. The increase in viscosity is shown
here in image a.) for three sets of concentrations: 5 mg mL−1, 7. 5 mg mL−1 without Xanthan gum
and 7.5 mg mL−1 with 2.5 % and 10 % Xanthan gum. Furthermore a suspension with a concentration
of 50 mg mL−1, which could not be printed anymore, is given.
These data show that printability depends not only on the viscosity or on the concentration, but on
the combined behaviour regarding viscosity, concentration stability, homogeneity and segregation.
The graph in b.) shows the relative change of viscosity as a function of Xanthan gum additive.
The datasets were normalized to their respective viscosity without any addition of Xanthan gum for
displaying purposes. Furthermore only printable suspensions, besides of the initial ones with 0 %
Xanthan gum, are plotted. It can be said that the available range of concentrations stretches over a
large span of viscosities up to the 12-fold viscosity of a pure suspension. All suspensions showed a trend
towards ease of printing with increased Xanthan gum. The suspensions with 5 mg mL−1 showed a
span up to a 3-fold viscosity, while for the suspensions prepared with higher concentrations the increase
of viscosity as a function of Xanthan gum additive was more distinct.
Suspensions with 10 % Xanthan gum showed the best printability. These ﬁndings were directly applied
for printing experiments with PLA. Here no viscosity studies were conducted but the printable range
of 10 mg mL−1 and high contents of Xanthan gum were the starting point for ﬁrst cryo-3D printing
experiments.
This concludes the section regarding printability and in the following chapter the results from electro-
spinning and processing of the nanoﬁbers into short nanoﬁber suspensions will be explained.
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4.2 Electrospun nanoﬁbers and short nanoﬁbers
After short PAN nanoﬁbers were prepared by cutting, the length of the nanoﬁbers was determined
based on SEM images. According to the procedure given in chapter 3.5, single ﬁbers were measured.
The results of cut PAN ﬁbers are presented in Figure 4.4. It can be observed that the distribution of
the ﬁber lengths follows roughly a Gauss-distribution with its maximum at 50 µm and a full width at
half maximum of 49 µm. In the right upper corner, a representative SEM image of the cut ﬁbers is
shown.
Figure 4.4: Distribution of short PAN nanoﬁbers. The average length according to a Gauss distribution
is 50 µm. The small window in the bar plot shows a representative SEM image of the cut
ﬁbers.
PLA nanoﬁbers were prepared by electrospinning as explained earlier and ﬁber diameters of batches
obtained by spinning with varying voltage were measured. In general, ﬁbers with diameters from 410
nm to 480 nm were obtained. The standard deviation varies between 70 nm in 60 kV electrospinning
experiments and 120 nm at the highest voltage of 70 kV. The histograms of counted PLA ﬁbers as
shown in Figure 4.5 also include a SEM image of each batch. The PLA solution of the batch spun at
the lowest voltage, 50 kV, shows a large defect at the surface while the other batches are free of defects.
Electrospinning of PLA ﬁbers was particular challenging due to the high temperatures and relative
humidity of 30 °C and 40 % Rlt. in the electrospinning chamber at that time. Heavy evaporation in the
solution reservoir of the free surface electrospinning device caused a steady increase of concentration
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and therefore viscosity, although the solution was exchanged frequently to have reproducible and stable
conditions for electrospinning. Unfortunately, visible defects occurred regardless the eﬀort taken mostly
at the beginning of spinning or after approximately 15 minutes when the solution became more viscous
due to the already evaporated solvent. The ﬁbers were cut as described earlier and the distribution of
cut ﬁbers is shown in Figure 4.6 as well as an SEM image showing individual nanoﬁbers.
Compared to cut PAN ﬁbers, cut PLA ﬁbers are shorter with an average length of roughly 20 µm.
Since nanoﬁbers of both polymers were cut with the same conditions, it is assumed that the diﬀerent
ﬁber lengths are due to the nature of this polymers and the diﬀerent diameter of both nanoﬁbers.
Furthermore the diameter of the PLA nanoﬁbers was between 410 nm and 480 nm as described above,
while the diameter of PAN ﬁbers purchased by Pardam was between 400 nm and 800 nm.
Figure 4.5: Distribution of the diameter of electrospun PLA ﬁbers. A representative SEM image of
the individual electrospun material is shown in the small image in each corner and a 100
µm scale is shown as well. The average ﬁber diameter is shown in the table on the right.
As described earlier, all batches were prepared by electrospinning of a 5 % w/w solution
of PLA in chloroform / ethanol in the ratio 9/1. In the top left corner the results from
spinning with 50 kV are shown. On the top right corner the distribution of nanoﬁber
diameters obtained by electrospinning with 60 kV are shown. The two histograms below
are from experiments with 65 kV and 70 kV, respectively.
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Figure 4.6: Distribution of short PLA nanoﬁbers as well as an SEM image of individual cut ﬁbers. The
maximum of the ﬁtted Gauss distribution is around 20 µm.
As a conclusion we report short PAN nanoﬁbers with a length of 50 µm can be achieved with the
method described here. The electrospun PLA ﬁbers had a diameter between 410 and 480 nm and they
were cut with the same method as the PAN ﬁbers into short nanoﬁbers with an average length of 20
µm.
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4.3 PAN aerogels
After electrospinning and processing nanoﬁbers into suspensions containing short ﬁbers, the micro-
structures of the the aerogels will be of interest. Since a large variety of diﬀerent concentrations and
additive contents were prepared, the major diﬀerences and structural features will be presented based
on selected aerogels. Firstly, the structure of freeze-casted PAN aerogels will be discussed. Afterwards
the results for the main aim of this work, cryo-3D printed PAN aerogels, will be shown. The cross-
linking procedure will be then be evaluated and the structures of crosslinked PAN aerogels prepared
by freeze-casting and cryo-3D printing, will be shown. This will conclude the section regarding PAN
aerogels, followed by the results of the freeze-casted PLA aerogels.
4.3.1 Freeze-casted PAN aerogels
PAN aerogels obtained by freeze-casting were prepared as described in chapter 2.7.1. Comparing
samples of identical nanoﬁber concentration but diﬀerent Xanthan gum content shows the inﬂuence
of the additive, and in Figure 4.7 this is depicted. While the samples without Xanthan gum showed
a loose ﬁbrous internal structure, Xanthan gum provides a micro-skeleton to the porous structures.
This skeleton is formed by connecting adjacent ﬁbers with large sheets of Xanthan gum. The higher
the concentration of Xanthan is, the more distinct this skeleton becomes. Since the skeleton was not
yet clearly visible in low contents as the 2.5 % Xanthan gum containing aerogels, they are not shown
here. Higher concentrations of Xanthan gum and nanoﬁbers allow the preparation of micro cavities, as
shown in the example of 7.5 mg mL−1 with 10 % Xanthan gum. The aerogel with the highest content
of Xanthan gum showed very strong sheet-like structures which cover the nanoﬁbers.
To get a very rough understanding of the size of the micro-cavities, their area was approximated with
an ellipse with a ratio of major-axis to minor axis of exactly 1:2. By measuring around 40 individual
cavities in ImageJ their size was calculated to be around 80 (± 20) × 40 (± 10) µm2. 4 individual
SEM images were used to measure the size of these micro-cavities. The highest concentration of 10
mg mL−1 with the according content of Xanthan gum developed similar structures. After crosslinking
at elevated temperatures, the Xanthan gum skeleton was partly destroyed but the cavities remained.
SEM images of crosslinked PAN aerogels obtained by freeze-casting are shown in Figure 4.13 and will
be discussed in chapter 4.3.3.
The direction of growth of those cavities was found to be very similar in all samples. They were
found to be developed in horizontal axis, perpendicular to the fresh cut surface. All samples were
cut with a fresh razor blade as shown in Figure 3.11. Since the preparation of those nanoﬁber based
aerogels should resemble the printing conditions with respect to freezing velocity, all samples were
frozen immediately in liquid nitrogen and therefore no hierarchical pore structure as reported by our
group [68] was found.
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4.3.2 Cryo-3D printed PAN aerogels
The aerogels obtained from cryo-3D printing in Figure 4.8 present a selection to display the inﬂuence of
the additive Xanthan gum as well as the structural diﬀerences between freeze-casted and cryo-printed
aerogels. Similar to their freeze-casted counterparts, a micro-skeleton built by Xanthan gum can be
observed in aerogels with higher content of this additive. Since freezing happens instantly, even faster
than in the rapidly freeze-casted objects, no hierarchical pore structure of any kind could be observed.
From the point of view of 3D printing, individual printed lines could not be identiﬁed after the printing
process. Also the Xanthan gum skeleton was retained more complete after crosslinking than in the
freeze dried aerogels. This is shown in Figure 4.14 in chapter 4.3.3.
Comparing diﬀerent concentrations of suspensions as well as Xanthan gum content and method of
manufacturing, it can be concluded that the Xanthan gum skeleton was evident in all samples. Cryo-
3D printed aerogels showed an isotropic internal structure, while the reference materials prepared
by freeze-casting showed some form of organisation, such as micro-cavities or large sheets of ﬁbers
connected by Xanthan gum.
Since all aerogels have to be stabilized as explained in chapter 3.7, PAN aerogels were crosslinked
using heat treatment. The investigation of the crosslinking procedure will be explained in the following
chapter.
60
PAN aerogels
F
ig
ur
e
4.
8:
C
ro
ss
-s
ec
ti
on
s
of
cr
yo
-3
D
pr
in
te
d
ae
ro
ge
ls
.
A
ll
im
ag
es
w
er
e
re
co
rd
ed
w
it
h
a
10
00
×
m
ag
ni
ﬁc
at
io
n.
In
th
e
ﬁr
st
ro
w
,
cr
yo
-3
D
pr
in
te
d
ae
ro
ge
ls
pr
ep
ar
ed
w
it
h
a
5
m
g
m
L
−1
su
sp
en
si
on
ar
e
pr
es
en
te
d.
T
he
lo
w
er
se
t
of
ae
ro
ge
ls
w
as
cr
yo
-3
D
pr
in
te
d
us
in
g
a
10
m
g
m
L
−1
su
sp
en
si
on
.
A
sc
al
e
ba
r
of
10
0
µ
m
is
gi
ve
n
in
th
e
to
p
le
ft
co
rn
er
.
T
he
st
ru
ct
ur
al
fe
at
ur
es
in
tr
od
uc
ed
by
X
an
th
an
ar
e
hi
gh
lig
ht
ed
w
it
h
w
hi
te
ar
ro
w
s.
61
PAN aerogels
4.3.3 Crosslinking of PAN aerogels
Crosslinking of PAN was monitored using ATR-FTIR spectroscopy and the respective spectra are
shown in Figure 4.9. The crosslinking progress can be monitored easily by following the nitrile absorp-
tion at 2240 cm−1. Since crosslinking as shown in Figure 2.13 occurs at the nitrile-groups leading to
a ladder structure, the intensity of the nitrile signals decreases with processing at high temperatures.
After a long temperature treatment over 17 hours, all nitrile groups have been successful participated
in crosslinking. The new peak at 1585 cm−1 can be attributed to the new C=C and C=N double bonds
and the weak band at a wavenumber of around 800 cm−1 arises from the =C-H bonds. Similar spectra
have been observed by Duan and coworkers [114] during their investigation. Additionally, the diameter
of the ﬁbers prior to the temperature treatment and afterwards were measured. For those experiments,
PAN ﬁbers from Pardam were used. The diameter of the ﬁbers did not change signiﬁcantly during the
thermal treatment.
Photographs illustrating the stabilization of PAN aerogels are shown in Figure 4.10. Here two sets of
aerogels with diﬀerent Xanthan gum contents and the progress of crosslinking are shown. The colour
changes signiﬁcantly with prolonged heat treatment from white towards a dark brown.
Figure 4.10: PAN stabilisation at elevated temperatures. In a.) two sets of freeze-casted aerogels
with no Xanthan gum in the top row and with 10 % Xanthan gum underneath have
been stabilized at 250 °C for 15, 30, and 60 minutes. A signiﬁcant colour change can be
observed. b.) Proof of structural stability of the stabilization procedure. In the left vial,
a sample of a pristine PAN aerogel is immersed in water, in the right vial a crosslinked
PAN aerogel. Crosslinking was done at 250 °C for 15 minutes.
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Figure 4.9: ATR-FTIR spectra of PAN aerogels during crosslinking. From bottom to top: Pristine
PAN aerogel, 30 min crosslinking at 250 °C, 60 min at 250 °C and on top a spectra of a
PAN aerogel being exposed to 250 °C for 17 hours All spectra are normalized for display.
The regions of interest have been highlighted. The increasing absorbance with prolonged
temperature treatment at 800 cm−1 are a result of =C-H formation while the strong ab-
sorbance at 1600 cm−1 arises from C=C and C=N bonds. The decrease of nitrile groups
can be seen in the third range highlighted around 2200 cm−1.
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The eﬀect on the structural stability upon immersion in water can be seen on the right hand side in
the sub image b.) Both vials contained water as well as a considerable piece of aerogel.
While the non-crosslinked aerogel in the left vial disintegrates quickly, the right one which was held
at 250 °C for 15 minutes keeps its shape. It could be shown that the crosslinked aerogels kept their
structures in liquid media for several weeks. Since a temperature treatment of 15 minutes at 250 °C
was suﬃcient to reach a high stability, all further experiments were conducted with this method of
stabilisation. Furthermore the aerogels prepared with 10 % Xanthan appeared to be much denser than
their counterparts without any Xanthan gum. The results from all other concentrations, which were
used for the preparation of aerogels by freeze-casting are shown in Figure 4.11.
Figure 4.11: Crosslinked PAN aerogels. All aerogels have been exposed to 250 °C for 15 minutes. In
a.) freeze-casted aerogels prepared with a 5 mg mL−1 suspension are shown. In b.) 7.5
mg mL−1 and in c.) aerogels with the highest concentration of 10 mg mL−1 are shown.
The left aerogel of each set was prepared without Xanthan gum. The following aerogels
from left to right were prepared with 2.5 %, 5 %, and 10 %. The shrinking during
crosslinking of samples with increased content of Xanthan gum can be observed.
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Starting in a.) aerogels prepared with a suspension concentration of 5 mg mL−1 are shown in the top
row. Beneath are the samples prepared with higher concentrations of 7.5 mg mL−1. The lowest row
shows stabilized aerogels from the highest concentration, 10 mg mL−1. All samples showed a severe
shrinking in volume with increased content of Xanthan gum. Furthermore, the top surface of the
aerogels shown here appears to be very rough at samples without Xanthan gum and becomes denser
and smoother with increasing content of Xanthan gum.
Cryo-3D printed aerogels as shown in Figure 4.12 were stabilized under the same conditions and they
look similar.
Figure 4.12: Photographs of stabilized aerogels obtained by cryo-3D printing. From left to right ex-
amples from 5 mg mL−1, 7.5 mg mL−1 and 10 mg mL−1 are shown.
Occasionally, at some cryo-3D printed samples, the upper layers were not frozen properly and the
deposition of the top layer upon a not fully frozen layer led to an outﬂow of suspension. This happened
with samples with 5 mg mL−1 and 10 % Xanthan as well as for the samples with 10 mg mL−1 and
10 % Xanthan. The surface of the 3D printed objects appears to be much smoother than those of
the freeze-casted ones. Shrinking as shown in Figure 4.11 in the freeze-casted aerogels is no issue for
cryo-3D printed objects. A reason for this could be the diﬀerent microstructure of the aerogels. When
comparing SEM images of pristine PAN aerogels and crosslinked aerogels prepared by freeze-casting,
one can see that the skeleton of Xanthan gum is destroyed. Figures 4.13 and 4.14 show SEM images
of freeze-casted and cryo-3D printed crosslinked aerogels.
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Concluding the results from PAN aerogels prepared by freeze-casting and cryo-3D printing, it can be
said that the Xanthan gum structure is retained very well in cryo-3D printed aerogels. Furthermore
those aerogels exhibit signiﬁcant less shrinking than their freeze-casted counterparts.
In order to ﬁnd an explanation, one might think of the Xanthan gum as a glue which holds the ﬁbers
together. During slower freezing and the build-up of more deﬁned porous structures, as seen in the
aerogels prepared by freeze-casting in Figure 4.7, individual ﬁbers connected by Xanthan gum are
being pushed aside to make room for the crystals of the dispersant. This process has been described
by Deuber et al. [68]. The deviation from a chaotic, isotropic state might lead to tension within
the aerogel and spring loading of the Xanthan gum sheets which connect the ﬁbers. The process of
crosslinking at elevated temperatures can then lead to a sudden break of the Xanthan gum bridges,
comparable to a rubber band under tension. Residues of Xanthan gum structures which remind one of
a snatched rubber band were found in SEM images and will be presented in chapter 4.23. Apparently
the sudden freezing of the suspension upon contact with the printing bed in case of cryo-3D printing
without the chance of further reorganisation retains the Xanthan gum under less stress and therefore
the skeleton is retained to a higher extent and shrinking does not occur.
After explaining the ﬁndings in PAN aerogels, the next chapter will explain the experiments regarding
PLA aerogels.
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4.4 PLA aerogels
In order to transfer the knowledge of cryo-printing of PAN to a biocompatible polymer for future tissue
engineering applications, PLA nanoﬁber aerogels were prepared by freeze-casting.
Freeze-casted PLA aerogels were prepared following the approach for PAN. Therefore high ﬁber con-
centrations up to 20 mg mL−1 as well as high Xanthan gum concentrations of 10 %, respectively,
were used. Since PLA aerogels were printed as proof of concept only, the results from freeze-casted
aerogels are shown. Nevertheless, the cryo-3D printed pieces of a mandibular, as well as several cyl-
inders were enough to demonstrate printability and application. Photographs of these structures are
presented in chapter 5. SEM cross-sections of the most important samples from freeze-casting exper-
iments are displayed in Figure 4.15. Similar to the freeze-casted PAN aerogels, the samples with the
highest concentration and highest content of Xanthan gum exhibit the highest degree of structure. The
Xanthan gum skeleton was retained after thermal crosslinking at 120 °C for one hour. No signiﬁcant
diﬀerence between pristine PLA samples and thermal treated one, in regard of internal structure was
found. Compared to the PAN aerogels which showed a signiﬁcant shrinking and destruction of the
Xanthan gum skeleton, no signiﬁcant shrinking was observed here. This leads to the conclusion that
the higher temperature of 250 °C as used for crosslinking of PAN aerogels, compared to the crosslinking
temperature of 120 °C for PLA aerogels is an important factor for shrinking.
The nanoﬁber surface itself on the other hand showed a very high porosity which changed signiﬁcantly
during heat treatment. The SEM images in Figure 4.16 show a pristine PLA microﬁber as well as
a microﬁber which was exposed to 120 °C for one hour. The average poresize in a thick ﬁber of 5
micrometer was found to be be 140 nm (±26 nm). After 30 minutes at 120 °C the former round pores
changed the size to a diameter of 370 nm (±115 nm) based on measurements of 20 - 30 individual
pores. Due to the resolution of the scanning electron microscope this structural features could not be
observed at ﬁbers with smaller diameter.
These changes at the ﬁber surface led to the conclusion that some kind of reordering, entropy- decreas-
ing process within the ﬁbers is occurring which changes the mechanical properties of the nanoﬁbers as
expected during the annealing process explained earlier.
Summarizing the results regarding PLA nanoﬁber aerogels, it can be said that the same structural
features as in PAN nanoﬁber aerogels were found. Furthermore the Xanthan gum skeleton was retained
after the temperature treatment which will be exlored further in the following chapter. The changes of
the ﬁber surface are presumably due to the annealing process that takes place at elevated temperatures.
4.4.1 Crosslinking of PLA aerogels
As explained in chapter 3.8, the synthesis of silane-grafted PLA was not successful and therefore these
experiments were discontinued.
The chemical crosslinking with triallylisocyanurate (TAIC) as published by Quiao et al. [104] was
also not successful, therefore no aerogels could be prepared with this method of crosslinking. Since
TAIC coupling has been published just recently [104] for PLA nanoﬁbers and follows a very interesting
concept, the diverging results will be examined shortly.
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Figure 4.16: Image of porous PLA nanoﬁbers. On the left in sub image a.) a pristine PLA microﬁber
is shown. The ﬁbers on the right side in b.) have been exposed to 120 °C for 60 minutes.
Reproducing the experiments from Quiao resulted in complete decomposition of the ﬁber mats un-
der development of heavy fumes and a most disgusting smell. Furthermore, the ATR-FTIR spectra
presented in their publication raise doubt because very strong absorbances are missing in the spectrum
of pure TAIC. The spectra from Qiao's article of TAIC, PLLA and the crosslinked material are shown
in Figure 4.17. In subsection a.) ATR-FTIR spectra of co-spun PLA with 10 %, 25 % and 50 % cross-
linking agent TAIC are plotted. The most distinctive absorbances between 1600 cm−1 and 1800 cm−1
can be attributed to the carbonyl bonds in TAIC and PLA. It can be concluded that the absorbance
at lower wavenumbers arises from the carbonyl bond in the isocyanurate, while the carbonyl bond
from the carboxylic acid-ester absorbs at higher wavenumbers. In the ATR-FTIR spectra published
by Qiao, TAIC does not show a strong absorbance in the expected range of wavenumbers but in the
crosslinked product it appears. The spectra in the image on the right side b.) show the results of a
crosslinking experiment conducted here. TAIC, DCP and PLA were co-spun and crosslinked at 120
°C afterwards. As one can see the absorbance signal from the carbonyl bond decreases rapidly after 15
minutes of temperature treatment at 120 °C. Since the crosslinking mechanisms is supposed to follow
the reaction route as shown earlier, no cleavage of carbonyl bonds, or whatsoever can be expected.
The improved mechanical properties as reported by Quiao could also arise from annealing of the PLA
nanoﬁbers during the heat treatment.
As a result and an outlook regarding chemical crosslinking, it can be said that it is possible to co-spin
PLA with TAIC and therefore have a sleeping crosslinking agent. It is suspected that the radical
initiator is decomposed during co-spinning.
This theory was investigated by using AIBN as a initiator with an intensive absorption at 3000 cm−1
[115]. This sharp and intensive band should be easy to identify in the spun ﬁbers. Since no bands of
AIBN were found in the ATR-FTIR spectra after electrospinning, we concluded that the high electrical
ﬁeld during electrospinning actually cleaves the sensitive initiator.
Nevertheless, the concept of an crosslinking agent which is already incorporated into the ﬁbrous ma-
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Figure 4.17: FTIR spectra of TAIC crosslinking. a.) FTIR spectra from co-spun material containing
PLA and TAIC. b.) Co-spun PLA with 25 % TAIC, heated for 15 minutes and 45 minutes
at 120 °C. c.) Transmission spectra from Quiao's publication [104].
72
PLA aerogels
terial is very promising for future applications. A similar approach, using photocrosslinkable polymers,
has been reported by Greiner et al. [67].
During the chemical crosslinking experiments, reference ﬁbers without TAIC were heated as well. An
increased mechanical stability was found after the temperature treatment and therefore the heat treat-
ment was investigated intensively. Achieving mechanical stability without additives can be considered
the gold standard of aerogel stabilization. The observed change of the morphology of the single PLA
ﬁbers as shown in Figure 4.16 was a strong indicator for such a stabilisation during the heat treatment.
Therefore the point of interest was moved towards thermal stabilisation without any additive. First,
the inﬂuence of the temperature treatment on the ﬁber diameter was investigated. The diameter of
nanoﬁbers from selected spots of the ﬁber mat were measured after 0, 15, 30 and 60 minutes of heat
treatment. The results are shown in Figure 4.18.
Figure 4.18: Inﬂuence of heat treatment on the ﬁber diameter of non-woven PLA nanoﬁbers. The
images on the right of each point plotted show the change with time and the fusing of
single ﬁbers.
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From these results it can be concluded that progressing temperature treatment leads to an average
increase of the ﬁber diameter. Since the temperature treatment was done well below the melting regime
of around 160 °C, melting of the ﬁbers is not expected. Fusing and partly connecting of the ﬁbers as
well as reorganizing was observed. The initial ﬁber diameter of roughly 400 nm increases signiﬁcantly
to a ﬁber diameter of around 700 nm. Individual ﬁbers of those constructs cannot be distinguished as
easily any more as it is the case with fresh ﬁbers.
Nevertheless, the increase seems to start to ﬂatten out after 30 minutes of temperature treatment,
leading to the conclusion that most of the ﬁbers in contact have been successfully fused at the surface.
This eﬀect could not be conﬁrmed in the 3D structures. Since the aerogels are highly porous with less
intersections and less density one can attribute this to the less inter-ﬁber contact.
Since annealing at elevated temperatures is supposed to inﬂuence the crystallinity and therefore the
mechanical properties, diﬀerential scanning calorimetry (DSC) was used as a qualitatively tool to
estimate the inﬂuence of the heat treatment. The results will be explained in the next chapter.
4.4.2 Calorimetric investigations
The results from diﬀerential scanning calorimetry (DSC) are shown in Figure 4.19. The calorimetric
data obtained from DSC measurements done with ﬁber mats indicate that freshly spun PLA ﬁbers
exhibit a cold crystallisation at elevated temperatures above their glass transition point. They indicate,
that fresh electrospun PLA nanoﬁbers are partly amorphous. Samples after heat treatment do not show
the cold crystallisation anymore.
The conclusion of this observation is that annealing of the ﬁbers and partly fusing together increases
the degree of crystallinity and therefore the mechanical properties are changed. This has also been
shown by Abhari and Cho [106,107].
Additionally, DSC curves of TAIC co-spun ﬁber samples were measured. As stated above, the focus
of stabilization was put on the pure thermal stabilization, but from DSC measurements we expected
explanations for the unsuccessful TAIC crosslinking experiment.
The eﬀect of thermal stabilisation is shown in Figure 4.19 and the co-spun experiments in order to
achieve chemical crosslinking as explained earlier are shown in Figure 4.20. To compare the crosslinking
attempts and the temperature treatment, DSC curves from all pristine ﬁber batches were recorded as
well.
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Figure 4.19: DSC of thermal stabilisation of PLA ﬁber mats. The three important transitions of glass
transition TG, cold crystallisation TC and the melting point TM are indicated. Exothermic
heat-ﬂow is plotted upwards, while endothermic heat ﬂow in the opposite direction, to-
wards the intersection with the x axis. The pristine PLA samples were taken from elec-
trospinning experiments with 50 kV and 70 kV, respectively.
From Table 4.2 it can be concluded that the melting point of all ﬁber samples did not change. The
ﬁbers which were co-spun with 10 % TAIC showed a glass transition temperature TG almost 10 °C
below the value of pure PLA ﬁbers. DSC of temperature treated PLA ﬁbers showed absence of the
characteristic cold crystallisation peak at mid- 80 °C range.
Table 4.2: Summary of DSC data. A temperature ramp with 10 °C min−1 starting at 15 °C was used
as described in chapter 3.8.
Sample TG / °C TC / °C TM / °C
50 kV 63 94 163
60 kV 63 85 163
65 kV 61 88 163
70 kV 62 87 163
Co-spun with 10 % TAIC 52.5 87.6 163
The ﬁnding of the decreased glass transition temperature TG, but the unchanged melting point, sup-
ports the conclusion of successful integration of TAIC into the ﬁber material, as already proven by
ATR-FTIR, but insuﬃcient crosslinking.
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Figure 4.20: DSC experiments of chemical crosslinking experiments. As a reference sample pure TAIC
was used. One can see the distinctive exothermic peak of the cold crystallisation at 80
°C. The strong exothermic peak shortly after the melting- temperature arises from the
decomposition of TAIC.
Since no initiator was found in ATR-FTIR, it can also be assumed that cleavage of the initiator and
radical coupling to a single TAIC has already taken place while spinning, leaving the polymer chains
substituted but due to lack of initiator, no crosslinking was possible afterwards. The glass transition
point TG is usually a good indicator for the mobility of the polymer chains. Bulky substitutents are
known for decreasing the glass transition temperature, TG.
The DSC data of temperature treated ﬁbers on the other hand clearly indicate a change of crystal-
lisation degree with progressive temperature treatment. The exothermic signal arising from the cold
crystallisation vanishes and after one hour of temperature treatment the crystallinity is signiﬁcantly
improved. Thermally treated aerogels showed promising mechanical properties and therefore PLA
aerogels were exclusively stabilized with this temperature treatment.
The results from the DSC experiments allowed the conclusion that heat treatment is a promising
stabilization method and the results of PLA aerogel samples being stabilized via heat treatment are
shown in the next chapter.
4.4.3 Structural integrity of PLA nanoﬁber aerogels
Since scaﬀolds used in tissue engineering will be in contact with liquids or completely immersed in
aqueous buﬀer solutions, the structural integrity was investigated and the results are presented in
Figure 4.21.
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Figure 4.21: Thermal stabilisation of PLA, immersion in water in order to show structural integrity.
in a.) PLA samples with various contents of Xanthan gum were immersed in water. The
image on the right shows the structural integrity after 40 days in water. In the well-plate
in b.) diﬀerent aerogels with varying content of Xanthan gum as well as 0 min, 15 min,
30 min and 60 min of temperature treatment are shown.
In Figure a.) freeze-casted aerogels with increasing concentration of Xanthan gum were prepared and
stabilized at 120 °C for one hour. Afterwards they were immersed in water. Samples without Xanthan
gum disintegrated quickly while samples with high contents of Xanthan gum showed a increased stabil-
ity, as the image on the right hand side indicates. After 40 days in water with occasional soft shaking,
the sample without Xanthan gum has completely decayed into ﬁber ﬂakes and so has the second aerogel
shown with only 2.5 % Xanthan gum. Nanoﬁber aerogels prepared with higher Xanthan gum amount
are signiﬁcantly more stable although they show a slight disintegration after 40 days. The sub image
b.) gives the holistic view, samples in Row A have no Xanthan gum, samples in row B were prepared
with 5 % Xanthan gum and 10 % Xanthan gum is shown in the last row. From left to right the
stabilisation time of 0, 15, 30 or 60 minutes at 120 °C was varied.
In summary, the principle of the more the better seems to apply for those aerogels. Since PAN aerogels
prepared by freeze-casting and cryo-3D printing, as well as PLA nanoﬁber aerogels showed an increased
stability by addition of Xanthan gum, the stabilization mechanism of this additive was examined.
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4.5 Mechanism of Xanthan gum glue and structural stabilisation
SEM images of aerogels from PAN or PLA containing Xanthan gum have already been presented
earlier and the structural features of Xanthan gum were observed in both polymers. Xanthan gum
apparently introduces an additional structural feature of sheets which connects individual ﬁbers. This
increases the structural integrity and inﬂuences the mechanical properties but this will be discussed
later in chapter 4.6. As we demonstrated in the latter chapter, the structural integrity of PLA aerogels
in water, prepared with high contents of Xanthan gum is improved signiﬁcantly after heat treatment
at 120 °C for 1 hour. This is interesting since the highly porous aerogels are completely wetted and
Xanthan gum is soluble in water. Given the chemical composition of Xanthan gum, one can explain
this by postulating an intra-crosslinking of the Xanthan gum at the ﬁber intersections during the
temperature treatment of the ﬁbers, leading to hardly or completely insoluble connectors of adjacent
ﬁbers at their intersections. The structure of Xanthan gum is shown in Figure 4.22.
Figure 4.22: Chemical structure of Xanthan gum. Possible crosslinking sites are highlighted.
Xanthan gum is a polysaccharide with a triglycoside side chain with at least one carboxylic group
available for condensation with the abundant hydroxyl groups to form an ester bond. In addition, the
abundant hydroxyl groups are prone to auto-condensation to build ether bonds. This crosslinking of
Xanthan gum has already been published for the preparation of Xanthan-based hydrogels by Bueno
[116]. There, crosslinking was done in dried ﬁlms at temperatures of 165 °C for 7 minutes. Whether
crosslinking occurs at a temperature signiﬁcantly lower, as in this work, had to be further investigated.
This was done with casted ﬁlms of Xanthan gum from aqueous.
Casted ﬁlms were heated as the aerogels were. ATR-FTIR spectra showed that the ratio of carbonyl
bands of the carboxylic acid and ester changed with ongoing temperature treatment. This is a promising
indicator for at least partial crosslinking of Xanthan gum. This behaviour was reported by Bueno [117]
and similar experiments were conducted by Bilanovic et al. [118]. SEM images of ﬁber intersections were
collected throughout the whole thesis and a selection is shown in Figure 4.23. The sheet-like structure
which connects the ﬁbers can be observed very well. Especially the connection of individual ﬁbers in
a Xanthan gum sheet as shown in g.) gives a very good impression of the structural stabilization.
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Figure 4.23: Microstructure unveiling the role of Xanthan gum. Images a.), c.), g.) and e) are from
PAN aerogels prepared with 5mg mL−1 and 10 % Xanthan gum. b.) and d.) are SEM
images of PAN aerogels prepared with 10 mg mL−1 and with 10 % Xanthan gum. The
aerogel in f.) was prepared from a 10 mg mL and 2.5 % Xanthan aerogel. The images a.)
- f.) were recorded with a 5000× magniﬁcation and image g.) with 30,000× magniﬁcation.
A scale bars for images a.) - f.) is given beneath the images. The scale bar for the high
resolution image in g.) is shown directly in the SEM image.
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The microstructure of selected crosslinked PAN samples is shown in Figure 4.24. Here the remains
of Xanthan gum can be observed very well. This illustrates the proposed snapping of the Xanthan
gum sheets at elevated temperatures as explained above. While the ﬁbrous structure was completely
preserved, the sheets of Xanthan gum connecting the ﬁbers have changed signiﬁcantly.
Figure 4.24: Microstructures of PAN aerogels after temperature treatment to visualize the destruction
of the Xanthan gum skeleton at high temperatures. Individual Xanthan gum remains
have been highlighted. These Images have been collected throughout all PAN related
experiments with various Xanthan gum concentrations. Images a.) and c.) were recorded
with a 5000x magniﬁcation. Image b.) with 12,000 x magniﬁcation. The scale bar for a.)
and c.) is given beneath the images. The scale bar for ﬁgure b.) is directly plotted in the
ﬁgure.
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The conclusion from the investigation regarding Xanthan gum is, that it serves as a glue and keeps
the ﬁbers locked at their intersections up to a certain temperature. This does not only depend on
the temperature but also on the stress within the aerogel. Rapidly frozen PAN samples prepared by
cryo-3D printing did not lose the Xanthan gum structure after the heat treatment at 250 °C for 15
minutes while in freeze-casted samples the remains of the former Xanthan network could be clearly
observed. Freeze-casted PLA samples which were stabilized at a lower temperature of 120 °C did not
show a signiﬁcant change. We proposed a possible crosslinking mechanism via condensation reactions.
To the best of our knowledge, this is the ﬁrst mention of the beneﬁcial eﬀect of Xanthan gum for the
preparation of nanoﬁber aerogels and we suggest to further investigate this crosslinking behaviour.
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4.6 Mechanical properties of aerogels
The ﬁnal chapter will quantify the diﬀerences of freeze-casted and cryo-3D printed PAN aerogels
regarding their mechanical properties. Furthermore, the properties of freeze-casted PLA aerogels will
be shown.
4.6.1 PAN aerogels
After the properties of the single ﬁbers, the internal structure of the aerogels prepared from suspensions
of short PAN and PLA ﬁbers, as well as diﬀerent crosslinking mechanisms have been discussed, the
mechanical properties were investigated and the results are presented here. In Figure 4.26 results
regarding Young's modulus and in Figure 4.25 the densities of PAN aerogels are presented.
Figure 4.25: Density of cryo-3D printed and freeze-casted PAN aerogels. The bars in white and grey
represent freeze-casted aerogels. The cryo-3D printed aerogels are plotted in red. Struc-
tured bars represent crosslinked PAN aerogels. On the right side, in black bars, selected
aerogels from literature are plotted. The Ref. 1 and Ref. 2 are from Deuber et al. [68,69].
Ref. 3 was inserted from Zhang [59]. Ref. 4 is a publication from Si [53].
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Figure 4.26: Young's moduli of cryo-printed and freeze casted PAN aerogels. The data points from
freeze-casted materials are printed in black while the data plotted in red have been pre-
pared by cryo-3D printing. The trend of the aerogels towards increased Young's moduli
if Xanthan gum is applied can be seen.
The densities are shown as a function of addition of Xanthan gum since it became clear that this
thickening agent does not only optimize the ﬂuidic properties but also inﬂuences the internal structure.
As one can see from the densities, the densities of freeze-casted aerogels vary with increasing Xanthan
gum content, while the density of cryo-3D printed aerogels stays roughly at a constant value. This is
conclusive with the shrinking eﬀect seen in the images of freeze-casted and crosslinked aerogels earlier.
This can also be observed by the increase of the density after crosslinking of each freeze-casted sample
which was prepared with Xanthan gum. The corresponding Young's moduli are plotted in Figure
4.26. The data points in red are from cryo-3D printed aerogels while the others were obtained from
freeze-casted aerogels. It has to be noted that only a selection of available concentrations and Xanthan
additive sets was cryo-3D printed because those concentrations are representative for the whole range.
In general the Young's moduli at a 10 % compression are roughly in the range of 0 - 4 kPa. Given
the high standard deviations due to the nature of the instrument it can be concluded that the cryo-3D
printed aerogels are similar to their freeze-casted counterparts regarding the Young's modulus. All
nanoﬁbrous aerogels show a very high porosity. The porosity is plotted as a function of Xanthan gum
content in Figure 4.27.
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Figure 4.27: Porosity of PAN aerogels as function of Xanthan addition. The linear regression were
plotted to amplify the decrease in porosity. The black dotted line represents the trend of
crosslinked freeze-casted aerogels of 10 mg mL−1 where the eﬀect is most intense. The
red dotted line represents the trend of the same concentration but here suspensions were
processed by cryo-3D printing.
Porosities of the aerogels show a steep decrease from 99 % porosity towards 97 % porosity for freeze
casted aerogels prepared from concentrated suspension with high content of Xanthan gum. This change
of porosity is mainly governed by the additive Xanthan gum. Comparing for example the datasets of a
concentration of 10 mg mL−1 before and after crosslinking, one can see that that at 0 % Xanthan gum
the porosities of all aerogels are within a narrow range and not signiﬁcantly diﬀerent. The porosity
of cryo-3D printed aerogels does not change signiﬁcantly over the concentration range presented here,
therefore the eﬀect of decreased porosity must be due to the method of preparation.
A possible explanation for this phenomena is the already described mechanism of Xanthan gum glue.
If the whole aerogel is put under tension during the freezing process and the conformation of the
aerogel is ﬁxed because of the Xanthan gum acting as a glue, then the destruction of the Xanthan gum
skeleton as shown in Figure 4.24, could lead to a rearrangement towards an energetic preferable state.
The retained Xanthan structures in the cryo-3D printed aerogels are an indicator that those structures
exhibit less stress and therefore no shrinking and change in porosity occurs.
Within the here presented range of concentrations, the PAN aerogels prepared by cryo-3D printing
showed an almost constant density. The density is hardly inﬂuenced by the additive Xanthan gum,
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while the density of freeze-casted objects depends strongly on the Xanthan gum content. One can
conclude that in this aspect cryo-3D printing represents an superior method, compared to freeze-
casting. Furthermore the Young's moduli of the aerogels presented here are very similar. Therefore
we state that the herein presented cryo-3D printing method fulﬁls the objective of delivering equal or
improved properties compared to nanoﬁber aerogels prepared by freeze-casting within this range of
concentrations.
This raises high expectations to PLA aerogels prepared by cryo-3D printing. Regarding this polymer,
the mechanical properties of freeze-casted materials only will be shown.
4.6.2 PLA aerogels
For aerogels prepared from PLA, a similar trend as observed for PAN aerogels was observed regarding
the Young's modulus. The densities and the Young's moduli of freeze-casted aerogels are shown in
Figure 4.28.
Figure 4.28: Young's moduli and densities of PLA aerogels as a function of Xanthan gum additive.
All samples have been prepared by freeze-casting. Aerogels prepared with a 20 mg mL−1
suspension are shown.
Concentrations with high contents of Xanthan gum show increased mechanical stability. The density
of the aerogels prepared is similar for all prepared aerogels. Also the temperature treatment at 120
°C did not inﬂuence the density. All samples showed densities in the range of 22 to 25 mg mL−1.
The dependence of the Young's modulus on the density seems to be only inﬂuenced by the content
of the additive Xanthan gum. Apparently the mechanical properties of the PLA aerogels prepared
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by freeze-casting can be tuned by the addition of Xanthan gum without paying the price of having a
higher density, as one would expect. Additional experiments have to be performed in order to conﬁrm
this behaviour.
Summarizing all mechanical properties, the data presented here have been inserted in the Ashby plot in
Figure 4.29. One can see that their properties are close to materials prepared from graphene elastomers,
as well as to the materials prepared by Zheng [71]. All materials prepared in this thesis from PAN by
freeze-casting and cryo-3D printing, as well as the PLA nanoﬁber aerogels prepared via freeze-casting
are in a similar section in the Ashby plot.
Figure 4.29: Conclusion of cryo-3D printed materials and their properties. The Ashby-plot on the right
side in b.) shows the position of all aerogels prepared within this thesis. The magniﬁed
section of PAN aerogels is shown on the left side under b.). Black data points correspond
to freeze-casted aerogels, the red data points as well as the red regression represents the
cryo-3D printed materials. The exponent describing the proportionality E ∝ ρn is shown
in the table. Ref 1 is the publication of Zhang [59]. The data from Zhu et al. [98] have
been inserted as (Ref 2). The Ashby-plot was adapted from [71].
Regarding the proportionality of Young's modulus and density, the 3D printed aerogels show a pro-
portionality of E ∝ ρ1.68 This is very similar to the 3D printed graphene materials from Zhang [59]
with E ∝ ρ1.4. The proportionality of the mechanical properties of PAN aerogels prepared by freeze-
casting and cryo-3D printing are illustrated in image b.) for a conclusion. The decreased slope of all
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PAN aerogels prepared via freeze-casting, compared to the cryo-3D printed ones is most likely due
to the shrinking of those materials during crosslinking as explained earlier. The range of mechanical
properties used for bone scaﬀold tissue engineering is usually proposed much higher such as up to 50
MPa [34], therefore our materials do not yet posses the desired mechanical properties.
After the discussion of the mechanical properties, in the ﬁnal chapter the physical appearance of
diﬀerent cryo-3D printed aerogels will be shown.
4.7 Closing thoughts
The results presented here range from rather qualitative descriptions of the 3D printing setup up
to quantitative properties of the freeze-casted and cryo-3D printed aerogels. The explanations for
printability are in general hard to put into numbers since it presents a sum of many inﬂuences on the
printing. The observations regarding TAIC crosslinking of nanoﬁber aerogels and the deviations from
the reported crosslinking method show very well that an already paved way has to be taken carefully
and watched critically. The most interesting properties of Xanthan gum, not only as an additive to
facilitate the dispensing of nanoﬁber suspensions, but also to tune the mechanical properties and to
increase structural stability are worth considering for future experiments.
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5 Cryo-3D printed aerogels in a nutshell
The foregoing results will be complemented by showing examples of the appearance of the cryo-3D
printed aerogels as well as presenting the general prospects brieﬂy. Afterwards a conclusion and a
broader outlook is given.
Finally, photographs of cryo-3D printed objects are shown in Figure 5.1. All samples have been
photographed after freeze-drying, prior to stabilization.
Figure 5.1: Selected examples of cryo-3D printed aerogels. A selection of PAN and PLA aerogels
with diﬀerent geometries, such as rings, single lines, cylindrical structures as well as two
structures of a mandibular are shown. The polymer which was used for the respective print
is given in the image.
The shapes of the mandibular printed from a CAD ﬁle [111] are represented very well. One of the
mandibular structures has been printed in PAN the other one in PLA. From the closed ring structures
one can see that the preparation of larger hollow structures is within a possible range.
Following the working hypothesis for this thesis as given in the introduction in chapter 1, we conclude
that the goals of:
 Development of a 3D printer capable of layer-by-layer deposition of nanoﬁber suspensions
88
Mechanical properties of aerogels
 Preparation of cryo-3D printed aerogels with superior or at least equal properties compared to
freeze-casted reference materials
 Transfer of the printing procedure towards a biocompatible polymer for tissue engineering
 Transfer of knowledge from paper and pulp to nanoﬁber suspensions
 Preparation of a bone-scaﬀold which is of high importance in tissue engineering
have been successfully met.
We are now able to provide the large 3D printing community with a novel 3D printing method, capable
of processing nanoﬁbrous materials. Furthermore, we herein present the concept of Xanthan glue as
a new tool for the straight-forward stabilisation of nanoﬁber-based aerogels as well as the successful
incorporation of sleeping crosslinking agents.
Lastly, we can introduce our cryo-3D printed scaﬀolds to research partners in tissue engineering,
presenting a new set of available materials to be tested in the respective application.
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6 Conclusion and outlook
As a ﬁnal chapter a conclusion of this work and an outlook will be given. The ﬁrst part will consider
all hardware related issues of the 3D printing system and printability. Finally, follow-up ideas for
improvements regarding printing, dispensing, choice of polymer and crosslinking will be given. After-
wards conclusions and further work regarding nanoﬁber based aerogels will be presented. As a personal
note a small subsection of ﬁnal remarks will give a smooth ending.
Cryo-3D printing of nanoﬁber suspensions was demonstrated for suspensions of PAN up to a concen-
tration of 10 mg mL−1 and for PLA up to 20 mg mL−1 when Xanthan gum as an additive is applied.
In chapter 2.6 it was shown that crowding and ﬂocculation depends highly on the geometrical para-
meters, such as length and diameter and less on the concentration of the ﬁber suspension. This agrees
well with our ﬁndings, since PLA nanoﬁbers were shorter than PAN nanoﬁbers, an increased printable
concentration was expected.
The synergistic role of the additive Xanthan gum has already been discussed. It serves as an additive
to improve the printability and stabilizes the aerogels.
Regarding the printing capability the following outlook can be given:
Since the printing resolution is mainly controlled by the ability of dispensing a ﬁber suspension through
a thin nozzle future experiments should focus on the improvement of suspension preparation towards
improved printability with smaller nozzles. Additionally, a very interesting follow-up improvement
would be printing in a low-temperature environment in order to minimize temperature gradients and
therefore increase the spatial printing capability. This could be achieved by transferring the printing
setup into a freezing chamber.
A second possibility to increase the spatial printing range would be to change the dispersant, water,
towards for example 1,4-dioxane, with a freezing point of 11.8 °C. This would require to use a diﬀerent
additive for preparing stable ﬁber suspensions because Xanthan gum is hardly soluble in 1,4-dioxane.
A very interesting approach to increase the printing capabilities would be the combination of cryo-3D
printing of nanoﬁber suspensions with photopolymerization by adding small amounts of photocurable
material to the suspension. This combination would require a light source at the printing head and
a suitable photocurable glue. This could be implemented, for example, with the recently published
BondicEvo Liquid Plastic Welder device [119], an cost-eﬃcient small tool for photo-curing. An image
of the BondicEvo Liquid Plastic Welder device is depicted in Figure 6.1 a.). The device consists of an
UV lamp and a syringe holding the photocurable resin. Adapting the printing head to hold an UV
lamp is feasible.
Following the idea of selective layer-by-layer stabilisation during the printing, a cooling spray which is
broadly available could also be used. This requires a custom made nozzle design to apply the cooling
spray directly and concentrated on the freshly printed material. These cooling sprays are based on the
eﬀect of adiabatic expansion and can provide an on-spot cooling down to -50 °C.
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A completely new concept of liquid 3D printing has been introduced by the Massachusetts Institute of
Technology (MIT) [120] in May 2017, which utilizes a highly viscous gel in which the printing material
is injected in. Since the gel surrounding the printed material retains at its position, free standing
geometries can be printed in the gel without the need of instant freezing. Of course a method for
stabilization and removal of the gel would have to be developed.
This concept could separate the 3D printing process from the freezing process, thus allowing controlled
freezing conditions. In a preliminary experiment, a PAN nanoﬁber suspension was injected into a
highly viscous agarose gel and the dispensed suspension stayed at the injected position for several
days. Figure 6.1 b.) shows such materials immobilized in a highly viscous gel.
Figure 6.1: Technical improvements of the printing setup. a.) Photo-crosslinking solution based on
the BondicEvo device. b.) Gel-printed nanoﬁber suspension in agarose. c.) Custom-made
syringe pump to be mounted directly at the printing head. The Image of the BondicEvo
device was reprinted from their homepage [119] and the design of the syringe pump is based
on a design available on www.thingiverse.com [111].
The suspension delivery has also a great potential for optimization. The 3D printer in its initial
conﬁguration as shown in Figure 3.1 has an extra stepper-motor which was for the delivery of FDM
ﬁlament to the printing head. Using this stepper with a ﬂexible shaft and a custom made syringe pump
as shown in Figure 6.1 c.) one would get full control over the printing process with just one interface.
Furthermore, coupling the movement of the printer with the suspension delivery would allow to stop
and continue dispensing, thus printing more complex structures.
A long shot and technically challenging, but very promising would be the design of a double-dispensing
91
Conclusion and Outlook
printing head. This would allow the fabrication of hybrid aerogels, consisting of diﬀerent polymers with
diﬀerent properties. Furthermore, one dispensing unit could dispense a solvent as a structural aid.
Macroscopic cavities and hollow structures could then be prepared by ﬁlling them with the structural
aid which is being removed during freeze-drying as well. This principle of using a soluble or removable
support is already state of the art in FDM 3D printing.
Regarding the application of cryo-3D printed materials, the focus will be on bone tissue replacement.
Especially the repair of the mandibular is challenging [121] but represents a geometry which ﬁts the
printing capabilities of our printing device very well. The two mandibular structures shown in Figure
4.29 have actually been reprinted directly from a 3D model.
Besides the technical aspects of the printer, regarding utilization of polymers, it can be said that this
work does not even scratch the surface of applications but the achievement of a successful translation
of knowledge from one polymer to another was a major milestone. Regarding applications in tissue
engineering one could embark into a completely new class of polymers for example towards poly hydroxy
alkanoates (PHA). Those polymers oﬀer properties similar to PLA but can be ﬁne-tuned with respect to
photo-crosslinking or thermal crosslinking via condensation. Moreover, those biotechnological produced
polymers have already been used in tissue engineering applications and proven to be valuable tools [122].
Experiments regarding 3D printing of PAN aerogels should continue and go further towards carbon-
ization and the preparation of carbon nanoﬁber aerogels. In a quick proof of concept experiment
a stabilized PAN nanoﬁber aerogel was carbonized at 750 °C. The ﬁbrous structure was completely
retained. An image of the carbon nanoﬁber aerogel as well as a SEM image of a cross section are
presented in Figure 6.2. This would enable the preparation of ultralight carbon nanoﬁber aerogels by
3D printing. Especially as a catalyst support, as published by Shao [93], these materials have a high
potential.
Figure 6.2: Carbon nanoﬁber aerogel prepared from a cryo-3D printed and crosslinked PAN aerogel.
The suspension concentration was 10 mg mL−1 with 10 % Xanthan. A SEM image of the
internal structures is shown on the right side.
A very interesting approach would be to follow the work of Schneider and coworkers [123] in which
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PLA particles were used as a scaﬀold to prepare hollow silica spheres. Since the reaction conditions are
mild, growing of a silica shell onto the PLA nanoﬁber scaﬀold and subsequent removal via dissolving
is possible. This could yield a silica aerogel which consists of hollow silica tubes with thicknesses in
the range of several dozens nanometres. Furthermore one can expect those materials to be ultralight
with densities in the range as the aerogels prepared by Zheng et al. [71] using microstereolithography.
Cryo-3D printed PLA aerogels have been prepared in this thesis but unfortunately only in small number
and not much knowledge regarding their properties has been obtained yet. Therefore a high priority
should be attributed to the preparation of cryo-3D printed PLA aerogels. Especially data from cell
seeding experiments are very important at this stage to ﬁnd out whether the printed materials behave
as expected or not. Cell seeding experiments with osteoblasts on cryo-3D printed PLA scaﬀolds, which
have been prepared in this thesis are currently in progress.
Regarding the window of mechanical properties as shown above we have to look into polymer blends
or structural additives in order to enhance the range of the Young's modulus. The same accounts for
surface properties such as, hydrophilicity and hydrophobicity of the nanoﬁber aerogels, which should
be explored as well. Functionalization of the surface by silane grafting with either hydrophobic or
hydrophilic substitutes would allow to tune the mechanical properties towards ideal conditions for
cells to be incorporated. Additionally, future scaﬀolds could provide growth factors as presented by
Whitaker and coworkers [124] or nutrients which could already be co-spun into the porous PLA ﬁber
material and provide an additional support for the cells seeded into the scaﬀold.
Lastly it has to be stressed that achieving structural stability of the 3D printed and freeze-casted
aerogels is one of the most important goals of the preparation of nanoﬁbrous aerogels. The ﬁeld
of chemical crosslinking, as already tried within this work, should be grazed completely in order to
establish a set of tools which can be applied to a broad range of polymers. In particular the potential
of TAIC crosslinking is not yet exploited.
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6.1 Closing Thoughts
Watching the uplift of a disruptive technology as 3D printing and inhaling the constant stream of
innovation, research and application is by all means fascinating and exciting, but joining the game
and trying the best to contribute to the methods and materials available for 3D printing is frankly
spoken electrifying. If I think back and try to remember the initial reason we bought this low-cost
printer, I inevitable have to think about the frustration and excitement of building, conﬁguration, and
repairing. Until Christian asked the very question, if it was possible to deposit nanoﬁber suspensions
it was not more than a few kg of electronics, motors and mechanics worth 250 USD. From the ﬁrst
experiments in the cooling room with unsuccessful suspension delivery at 2 °C, wearing coats and trying
to unblock a clogged nozzle with stiﬀ ﬁngers, up to the ﬁnal product, a delivery system capable of
creating nanostructured objects, I have to admit: it has become a one of a kind instrument, priceless.
Of course many questions might be raised concerning the relatively low print resolution or the limited
printing volume, but to the best of our knowledge, this is the ﬁrst device to build nanostructured
materials based on nanoﬁbers without the need of any post-processing as leaching or gas-blowing to
receive high porosities. Of course there is plenty of space for optimization and improvements.
At the end, I would like to share an interesting piece of mind, rather a philosophical question than
a technical or scientiﬁc one, but in my opinion it has to be raised: Conventionally methods for the
preparation of nanostructured materials can be divided into either bottom-up or top-down proced-
ures. Bottom-up is usually used to gain structures from atoms or molecules towards supramolecular
structures by self assembly, basically putting the LEGO blocks together piece by piece. The other
way around, starting with macroscopic objects and forcing them into nanostructured materials, is well
known from microelectronics with techniques like lithography or etching.
Starting from a polymer solution and processing those into nanoﬁbers is more similar to bottom-up than
to top-down because nanostructures are being build from a bulk material via a selfassembly process that
requires just a high electrical ﬁeld. Following the procedure, the next step is the preparation of short
nanoﬁber suspensions. This can be related to a top-down procedure because it is a downsizing process.
By 3D printing nanoﬁber suspensions, one applies some kind of a start in the middle procedure because
the functionalities of a.) having a nanostructure and b.) developing a porous micro and nanostructure
are already built in. If one would like to have nanostructured 3D materials by using conventional
polymeric materials, one would add, for example a soluble salt into the polymer which can be leached
afterwards. This would, again, represent a top-down method because material is actively being removed
in order to get nanostructures.
Summarized into one single sentence: The innovative concept of the work presented here is to decouple
nano structuring from printing because it is already contained in the material.
Fin.
94
Bibliography
[1] 3d Printed Shoes: Here's Who is Winning the Battle &Why? .highsnobiety.com/2016/12/15/3d-
printed-shoes-nike-adidas, July 2017.
[2] Adidas to mass-produce 3d-printed shoe with Silicon Valley start-up. Reuters, April 2017.
[3] At Nike the Future is Faster, and it's 3d. Nike News, July 2017.
[4] Apis Cor | We print buildings. http://apis-cor.com, July 2017.
[5] Philip Tack, Jan Victor, Paul Gemmel, and Lieven Annemans. 3d-printing techniques in a
medical setting: a systematic literature review. BioMedical Engineering OnLine, 15, October
2016.
[6] Frederik Kotz, Karl Arnold, Werner Bauer, Dieter Schild, Nico Keller, Kai Sachsenheimer, To-
bias M. Nargang, Christiane Richter, Dorothea Helmer, and Bastian E. Rapp. Three-dimensional
printing of transparent fused silica glass. Nature, 544(7650):337339, April 2017.
[7] David Correa, Athina Papadopoulou, Christophe Guberan, Nynika Jhaveri, Steﬀen Reichert,
Achim Menges, and Skylar Tibbits. 3d-Printed Wood: Programming Hygroscopic Material
Transformations. 3D Printing and Additive Manufacturing, 2(3):106116, September 2015.
[8] Kuk Hui Son, Kun-Woo Kim, Chi Bum Ahn, Chang Hu Choi, Kook Yang Park, Chul Hyun
Park, Jae-Ik Lee, and Yang Bin Jeon. Surgical Planning by 3d Printing for Primary Cardiac
Schwannoma Resection. Yonsei Medical Journal, 56(6):17351737, November 2015.
[9] Reza Amin, Stephanie Knowlton, Alexander Hart, Bekir Yenilmez, Fariba Ghaderinezhad, Sara
Katebifar, Michael Messina, Ali Khademhosseini, and Savas Tasoglu. 3d-printed microﬂuidic
devices. Biofabrication, 8(2):022001, June 2016.
[10] Sidra Waheed, Joan M. Cabot, Niall P. Macdonald, Trevor Lewis, Rosanne M. Guijt, Brett
Paull, and Michael C. Breadmore. 3d printed microﬂuidic devices: enablers and barriers. Lab on
a Chip, 16(11):19932013, May 2016.
[11] Mark D. Symes, Philip J. Kitson, Jun Yan, Craig J. Richmond, Geoﬀrey J. T. Cooper, RichardW.
Bowman, Turlif Vilbrandt, and Leroy Cronin. Integrated 3d-printed reactionware for chemical
synthesis and analysis. Nature Chemistry, 4(5):349354, May 2012.
[12] Ander Abarrategi, Carolina Moreno-Vicente, Francisco Javier Martinez-Vazquez, Ana Civantos,
Viviana Ramos, Jose Vicente Sanz-Casado, Ramon Martinez-Corria, Fidel Hugo Perera, Fran-
cisca Mulero, Pedro Miranda, and Jose Luis Lopez-Lacomba. Biological Properties of Solid Free
Form Designed Ceramic Scaﬀolds with BMP-2: In Vitro and In Vivo Evaluation. PLOS ONE,
7(3):e34117, March 2012.
[13] Michal Adamkiewicz and Boris Rubinsky. Cryogenic 3d printing for tissue engineering. Cryobi-
ology, 71(3):518521, December 2015.
95
References
[14] T. H Ang, F. S. A Sultana, D. W Hutmacher, Y. S Wong, J. Y. H Fuh, X. M Mo, H. T Loh,
E Burdet, and S. H Teoh. Fabrication of 3d chitosan - hydroxyapatite scaﬀolds using a robotic
dispensing system. Materials Science and Engineering: C, 20(1):3542, May 2002.
[15] Susmita Bose, Sahar Vahabzadeh, and Amit Bandyopadhyay. Bone tissue engineering using 3d
printing. Materials Today, 16(12):496504, December 2013.
[16] Alice Cheng, Aiza Humayun, David J. Cohen, Barbara D. Boyan, and Zvi Schwartz. Additively
manufactured 3d porous Ti-6al-4v constructs mimic trabecular bone structure and regulate osteo-
blast proliferation, diﬀerentiation and local factor production in a porosity and surface roughness
dependent manner. Biofabrication, 6(4):045007, 2014.
[17] Helena N Chia and Benjamin M Wu. Recent advances in 3d printing of biomaterials. Journal of
Biological Engineering, 9, March 2015.
[18] F. Wang, L. Shor, A. Darling, S. Khalil, W. Sun, S. Guceri, and A. Lau. Precision extrud-
ing deposition and characterization of cellular poly epsilon-caprolactone tissue scaﬀolds. Rapid
Prototyping Journal, 10(1):4249, February 2004.
[19] Murat Guvendiren, Joseph Molde, Rosane M.D. Soares, and Joachim Kohn. Designing Bio-
materials for 3d Printing. ACS Biomaterials Science & Engineering, 2(10):16791693, October
2016.
[20] Adam E. Jakus, Ethan B. Secor, Alexandra L. Rutz, Sumanas W. Jordan, Mark C. Hersam, and
Ramille N. Shah. Three-Dimensional Printing of High-Content Graphene Scaﬀolds for Electronic
and Biomedical Applications. ACS Nano, 9(4):46364648, April 2015.
[21] Min-Joo Kim, Seu-Ran Lee, Min-Young Lee, Jason W. Sohn, Hyong Geon Yun, Joon Yong Choi,
Sang Won Jeon, and Tae Suk Suh. Characterization of 3d printing techniques: Toward patient
speciﬁc quality assurance spine-shaped phantom for stereotactic body radiation therapy. PLOS
ONE, 12(5):e0176227, April 2017.
[22] S S Kim, H Utsunomiya, J A Koski, B M Wu, M J Cima, J Sohn, K Mukai, L G Griﬃth, and
J P Vacanti. Survival and function of hepatocytes on a novel three-dimensional synthetic biode-
gradable polymer scaﬀold with an intrinsic network of channels. Annals of Surgery, 228(1):813,
July 1998.
[23] C. X. F Lam, X. M Mo, S. H Teoh, and D. W Hutmacher. Scaﬀold development using 3d printing
with a starch-based polymer. Materials Science and Engineering: C, 20(1):4956, May 2002.
[24] Rudiger Landers, Ute HÃ×bner, Rainer Schmelzeisen, and Rolf MÃ×lhaupt. Rapid prototyp-
ing of scaﬀolds derived from thermoreversible hydrogels and tailored for applications in tissue
engineering. Biomaterials, 23(23):44374447, December 2002.
[25] Jin Woo Lee, GeunSeon Ahn, Dae Shick Kim, and Dong-Woo Cho. Development of nano- and
microscale composite 3d scaﬀolds using PPF/DEF-HA and micro-stereolithography. Microelec-
tronic Engineering, 86(4):14651467, April 2009.
[26] Min Lee, Benjamin M. Wu, and James C. Y. Dunn. Eﬀect of scaﬀold architecture and pore size on
smooth muscle cell growth. Journal of Biomedical Materials Research. Part A, 87(4):10101016,
December 2008.
[27] Kee-Won Lee, Shanfeng Wang, Bradley C. Fox, Erik L. Ritman, Michael J. Yaszemski, and
Lichun Lu. Poly(propylene fumarate) bone tissue engineering scaﬀold fabrication using stereo-
96
References
lithography: eﬀects of resin formulations and laser parameters. Biomacromolecules, 8(4):1077
1084, April 2007.
[28] Takehisa Matsuda and Manabu Mizutani. Liquid acrylate-endcapped biodegradable poly(epsilon-
caprolactone-co-trimethylene carbonate). II. Computer-aided stereolithographic microarchitec-
tural surface photoconstructs. Journal of Biomedical Materials Research, 62(3):395403, Decem-
ber 2002.
[29] Takehisa Matsuda, Manabu Mizutani, and Steven C. Arnold. Molecular Design of Photocurable
Liquid Biodegradable Copolymers. 1. Synthesis and Photocuring Characteristics. Macromolec-
ules, 33(3):795800, February 2000.
[30] Ferry P. W. Melchels, Jan Feijen, and Dirk W. Grijpma. A review on stereolithography and its
applications in biomedical engineering. Biomaterials, 31(24):61216130, August 2010.
[31] Christian Mendoza-Buenrostro, Hernan Lara, and Ciro Rodriguez. Hybrid Fabrication of a 3d
Printed Geometry Embedded with PCL Nanoﬁbers for Tissue Engineering Applications. Procedia
Engineering, 110:128134, January 2015.
[32] S. H. Park, U. H. Koh, D. Y. Yang, N. K. Lee, and J. H. Shin. Development of 3d printed
biomimetic scaﬀold for tissue engineering. In 2015 15th International Conference on Control,
Automation and Systems (ICCAS), pages 19581960, October 2015.
[33] Satyajit Patra and Vanesa Young. A Review of 3d Printing Techniques and the Future in
Biofabrication of Bioprinted Tissue. Cell Biochemistry and Biophysics, 74(2):9398, June 2016.
[34] Livia Roseti, Valentina Parisi, Mauro Petretta, Carola Cavallo, Giovanna Desando, Isabella
Bartolotti, and Brunella Grigolo. Scaﬀolds for Bone Tissue Engineering: State of the art and
new perspectives. Materials Science and Engineering: C, 78:12461262, September 2017.
[35] Monika Schuster, Claudia Turecek, Guenter Weigel, Robert Saf, Juergen Stampﬂ, Franz Varga,
and Robert Liska. Gelatin-based photopolymers for bone replacement materials. Journal of
Polymer Science Part A: Polymer Chemistry, 47(24):70787089, December 2009.
[36] Hermann Seitz, Wolfgang Rieder, Stephan Irsen, Barbara Leukers, and Carsten Tille. Three-
dimensional printing of porous ceramic scaﬀolds for bone tissue engineering. Journal of Biomed-
ical Materials Research Part B: Applied Biomaterials, 74B(2):782788, August 2005.
[37] I. V. Shishkovsky, L. T. Volova, M. V. Kuznetsov, Yu G. Morozov, and I. P. Parkin. Porous
biocompatible implants and tissue scaﬀolds synthesized by selective laser sintering from Ti and
NiTi. Journal of Materials Chemistry, 18(12):13091317, March 2008.
[38] R. Sodian, M. Loebe, A. Hein, T. Lueth, D. P. Martin, E. V. Potapov, F. Knollmann, and
R. Hetzer. Application of stereolithography for scaﬀold fabrication for tissue engineering of heart
valves. American Society for Artiﬁcial Internal Organs, 46(2), March 2000.
[39] Chong Wang, Qilong Zhao, and Min Wang. Cryogenic 3d printing for producing hierarchical
porous and rhBMP-2-loaded Ca-P/PLLA nanocomposite scaﬀolds for bone tissue engineering.
Biofabrication, 9(2):025031, June 2017.
[40] John Winder and Richard Bibb. Medical Rapid Prototyping Technologies: State of the Art
and Current Limitations for Application in Oral and Maxillofacial Surgery. Journal of Oral and
Maxillofacial Surgery, 63(7):10061015, July 2005.
97
References
[41] T. B. F. Woodﬁeld, J. Malda, J. de Wijn, F. Peters, J. Riesle, and C. A. van Blitterswijk. Design
of porous scaﬀolds for cartilage tissue engineering using a three-dimensional ﬁber-deposition
technique. Biomaterials, 25(18):41494161, August 2004.
[42] Geng-Hsi Wu and Shan-hui Hsu. Review: Polymeric-Based 3d Printing for Tissue Engineering.
Journal of Medical and Biological Engineering, 35(3):285292, 2015.
[43] Song XiaoHui, Li Wei, Song PingHui, Su QingYong, Wei QingSong, Shi YuSheng, Liu Kai, and
Liu WenGuang. Selective laser sintering of aliphatic-polycarbonate/hydroxyapatite composite
scaﬀolds for medical applications. The International Journal of Advanced Manufacturing Tech-
nology, 81(1-4):1525, October 2015.
[44] Shuxin Xu, Liandong Deng, Jianhua Zhang, Li Yin, and Anjie Dong. Composites of electrospun-
ﬁbers and hydrogels: A potential solution to current challenges in biological and biomedical ﬁeld.
Journal of Biomedical Materials Research Part B: Applied Biomaterials, pages n/an/a, 2015.
[45] Yongnian Yan, Xiaohong Wang, Yuqiong Pan, Haixia Liu, Jie Cheng, Zhuo Xiong, Feng Lin,
Rendong Wu, Renji Zhang, and Qingping Lu. Fabrication of viable tissue-engineered constructs
with 3d cell-assembly technique. Biomaterials, 26(29):58645871, October 2005.
[46] Hung-Jen Yen, Shan-Hui Hsu, Ching-Shiow Tseng, Jen-Po Huang, and Ching-Lin Tsai. Fab-
rication of precision scaﬀolds using liquid-frozen deposition manufacturing for cartilage tissue
engineering. Tissue Engineering. Part A, 15(5):965975, May 2009.
[47] Marco A. Velasco, Yadira Lancheros, and Diego A. Garzon-Alvarado. Geometric and mechanical
properties evaluation of scaﬀolds for bone tissue applications designing by a reaction-diﬀusion
models and manufactured with a material jetting system. Journal of Computational Design and
Engineering, 3(4):385397, October 2016.
[48] Susmita Bose, Mangal Roy, and Amit Bandyopadhyay. Recent advances in bone tissue engineer-
ing scaﬀolds. Trends in biotechnology, 30(10):546554, October 2012.
[49] Qiu Li Loh and Cleo Choong. Three-Dimensional Scaﬀolds for Tissue Engineering Applications:
Role of Porosity and Pore Size. Tissue Engineering. Part B, Reviews, 19(6):485502, December
2013.
[50] Laleh Ghasemi-Mobarakeh, Molamma P Prabhakaran, Lingling Tian, Elham Shamirzaei-
Jeshvaghani, Leila Dehghani, and Seeram Ramakrishna. Structural properties of scaﬀolds: Cru-
cial parameters towards stem cells diﬀerentiation. World Journal of Stem Cells, 7(4):728744,
May 2015.
[51] Rajesh Vasita, Kirubanandan Shanmugam I, and Dhirendra S. Katt. Improved biomaterials for
tissue engineering applications: surface modiﬁcation of polymers. Current Topics in Medicinal
Chemistry, 8(4):341353, 2008.
[52] Eutilerio F. C. Chauque, Langelihle N. Dlamini, Adedeji A. Adelodun, Corinne J. Greyling, and
J. Catherine Ngila. Modiﬁcation of electrospun polyacrylonitrile nanoﬁbers with EDTA for the
removal of Cd and Cr ions from water euents. Applied Surface Science, 369:1928, April 2016.
[53] Yang Si, Jianyong Yu, Xiaomin Tang, Jianlong Ge, and Bin Ding. Ultralight nanoﬁbre-
assembled cellular aerogels with superelasticity and multifunctionality. Nature Communications,
5:ncomms6802, December 2014.
98
References
[54] Sunpreet Singh, Seeram Ramakrishna, and Rupinder Singh. Material issues in additive manu-
facturing: A review. Journal of Manufacturing Processes, 25:185200, January 2017.
[55] Davide Sher. Review of 3d Food Printing. Temes de Disseny, 0(31):104117, 2015.
[56] Jeongwoo Lee, Ho-Chan Kim, Jae-Won Choi, and In Hwan Lee. A review on 3d printed smart
devices for 4d printing. International Journal of Precision Engineering and Manufacturing-Green
Technology, 4(3):373383, July 2017.
[57] Sean V. Murphy and Anthony Atala. 3d bioprinting of tissues and organs. Nature Biotechnology,
32(8):773785, August 2014.
[58] Kaufui V. Wong and Aldo Hernandez. A Review of Additive Manufacturing. International
Scholarly Research Notices, 2012. DOI: 10.5402/2012/208760.
[59] Qiangqiang Zhang, Feng Zhang, Sai Pradeep Medarametla, Hui Li, Chi Zhou, and Dong Lin. 3d
Printing of Graphene Aerogels. Small, 12(13):17021708, April 2016.
[60] Dietmar Drummer, Sandra Cifuentes - Cuellar, and Dominik Rietzel. Suitability of PLA/TCP
for fused deposition modeling. Rapid Prototyping Journal, 18(6):500507, September 2012.
[61] Fangxia Xie, Xinbo He, Shunli Cao, and Xuanhui Qu. Structural and mechanical characteristics
of porous 316l stainless steel fabricated by indirect selective laser sintering. Journal of Materials
Processing Technology, 213(6):838843, June 2013.
[62] Szilvia Eosoly, Dermot Brabazon, Stefan Lohfeld, and Lisa Looney. Selective laser sintering
of hydroxyapatite/poly-epsilon-caprolactone scaﬀolds. Acta Biomaterialia, 6(7):25112517, July
2010.
[63] N. J. Mankovich, A. M. Cheeseman, and N. G. Stoker. The display of three-dimensional anatomy
with stereolithographic models. Journal of Digital Imaging, 3(3):200203, August 1990.
[64] C. Lee Ventola. Medical Applications for 3d Printing: Current and Projected Uses. Pharmacy
and Therapeutics, 39(10):704711, October 2014.
[65] Wen Zeng, Feng Lin, Tingchun Shi, Renji Zhang, Yongyan Nian, Jie Ruan, and Tianrui Zhou.
Fused deposition modelling of an auricle framework for microtia reconstruction based on CT
images. Rapid Prototyping Journal, 14(5):280284, September 2008.
[66] Shaohua Jiang, Seema Agarwal, and Andreas Greiner. Low-density open cellular sponges as
functional materials. Angewandte Chemie (International Ed. in English), June 2017.
[67] Gaigai Duan, Shaohua Jiang, Valerie Jerome, Joachim H. Wendorﬀ, Amir Fathi, Jaqueline
Uhm, Volker Altstaedt, Markus Herling, Josef Breu, Ruth Freitag, Seema Agarwal, and An-
dreas Greiner. Ultralight, Soft Polymer Sponges by Self-Assembly of Short Electrospun Fibers
in Colloidal Dispersions. Advanced Functional Materials, 25(19):28502856, May 2015.
[68] Fabian Deuber, Sara Mousavi, Marco Hofer, and Christian Adlhart. Tailoring Pore Structure of
Ultralight Electrospun Sponges by Solid Templating. ChemistrySelect, 1(18):55955598, Novem-
ber 2016.
[69] Fabian Deuber, Sara Mousavi, Lukas Federer, and Christian Adlhart. Amphiphilic Nanoﬁber-
Based Aerogels for Selective Liquid Absorption from Electrospun Biopolymers. Advanced Ma-
terials Interfaces, 4(12):n/an/a, June 2017.
99
References
[70] Cheng Zhu, T. Yong-Jin Han, Eric B. Duoss, Alexandra M. Golobic, Joshua D. Kuntz, Chris-
topher M. Spadaccini, and Marcus A. Worsley. Highly compressible 3d periodic graphene aerogel
microlattices. Nature Communications, 6:ncomms7962, April 2015.
[71] Xiaoyu Zheng, Howon Lee, Todd H. Weisgraber, Maxim Shusteﬀ, Joshua DeOtte, Eric B. Duoss,
Joshua D. Kuntz, Monika M. Biener, Qi Ge, Julie A. Jackson, Sergei O. Kucheyev, Nicholas X.
Fang, and Christopher M. Spadaccini. Ultralight, ultrastiﬀ mechanical metamaterials. Science,
344(6190):13731377, June 2014.
[72] Huawei Yan, T. Lindstroem, and Maria Christiernin. Some ways to decrease ﬁbre suspension
ﬂocculation and improve sheet formation. Nordic Pulp & Paper Research Journal, 21(1):3643,
2006.
[73] Mats S. Nigam. On Fiber focculation in turbulent pulp ﬂow. Annual Transactions of the Nordic
Rheology Society, 14, 2006.
[74] Luciano Beghello. The Tendency of Fibers to Build Flocs. 1998.
[75] Martin Hubbe. Flocculation and redispersion of cellulose ﬁber suspensions. Bioresources 2,
2:296331, 2007.
[76] A. Celzard, V. Fierro, and R. Kerekes. Flocculation of cellulose ﬁbres: new comparison of
crowding factor with percolation and eﬀective-medium theories. Cellulose, 2009.
[77] Kerekes. Rheology of ﬁbre suspensions in papermaking: An overview of recent research. Nordic
Pulp and Paper Research Journal, 21(05):598612, December 2006.
[78] Doruk Erdem Yunus, Wentao Shi, Salman Sohrabi, and Yaling Liu. Shear induced alignment of
short nanoﬁbers in 3d printed polymer composites. Nanotechnology, 27(49):495302, December
2016.
[79] Flocculation of cellulose ﬁbres: new comparison of crowding factor with percolation and eﬀective-
medium theories.
[80] Wen Liu, Xiao Zhao, Zhengqing Cai, Bing Han, and Dongye Zhao. Aggregation and stabilization
of multiwalled carbon nanotubes in aqueous suspensions: inﬂuences of carboxymethyl cellulose,
starch and humic acid. RSC Advances, 6(71):6726067270, 2016.
[81] Feili Lai, Yunpeng Huang, Lizeng Zuo, Huahao Gu, Yue-E Miao, and Tianxi Liu. Electrospun
nanoﬁber-supported carbon aerogel as a versatile platform toward asymmetric supercapacitors.
Journal of Materials Chemistry A, 4:1586115869, 2016.
[82] Shaohua Jiang, Gaigai Duan, Ute Kuhn, Michaela Moerl, Volker Altstaedt, Alexander L. Yarin,
and Andreas Greiner. Spongy Gels by a Top-Down Approach from Polymer Fibrous Sponges.
Angewandte Chemie International Edition, 56(12):32853288, March 2017.
[83] Fabian Deuber and Christian Adlhart. From Short Electrospun Nanoﬁbers to Ultralight Aerogels
with Tunable Pore Structure. Chimia, 71(4):236240, 2017.
[84] W. E. Teo and S. Ramakrishna. A review on electrospinning design and nanoﬁbre assemblies.
Nanotechnology, 17(14):R89, 2006.
[85] Yang Si, Qiuxia Fu, Xueqin Wang, Jie Zhu, Jianyong Yu, Gang Sun, and Bin Ding. Superelastic
and superhydrophobic nanoﬁber-assembled cellular aerogels for eﬀective separation of oil/water
emulsions. ACS nano, 9(4):37913799, April 2015.
100
References
[86] Ibrahim M Alariﬁ, Abdulaziz Alharbi, WseeemS Khan, and Ramazan Asmatulu. Carbonized
electrospun polyacrylonitrile nanoﬁbers as highly sensitive sensors in structural health monitoring
of composite structures. Journal of Applied Polymer Science, 133(13), April 2016.
[87] Ibrahim M. Alariﬁ, Waseem S. Khan, AKM Samsur Rahman, Yulia Kostogorova-Beller, and
Ramazan Asmatulu. Synthesis, analysis and simulation of carbonized electrospun nanoﬁbers
infused carbon prepreg composites for improved mechanical and thermal properties. Fibers and
Polymers, 17(9):14491455, September 2016.
[88] Lifeng Zhang, Alex Aboagye, Ajit Kelkar, Chuilin Lai, and Hao Fong. A review: carbon nan-
oﬁbers from electrospun polyacrylonitrile and their applications. Journal of Materials Science,
49(2):463480, January 2014.
[89] Shamim Zargham, Saeed Bazgir, Ali Asghar Katbab, and Abosaeed Rashidi. Inﬂuence of KMnO4
concentration and treatment time on PAN precursor and the resulting carbon nanoﬁbers prop-
erties. e-Polymers, 14(5), January 2014.
[90] Guobin Xue, Jiang Zhong, Yongliang Cheng, and Bo Wang. Facile fabrication of cross-linked
carbon nanoﬁber via directly carbonizing electrospun polyacrylonitrile nanoﬁber as high per-
formance scaﬀold for supercapacitors. Electrochimica Acta, 215:2935, October 2016.
[91] Ya-Qiong Wang, Han-Xiong Huang, Bin Li, and Wei-Shan Li. Novelly developed three-
dimensional carbon scaﬀold anodes from polyacrylonitrile for microbial fuel cells. J. Mater.
Chem. A, 3(9):51105118, 2015.
[92] Linjun Shao and Chenze Qi. Supported palladium nanoparticles on preoxidated polyacrylonitrile
ﬁber mat for coupling reactions. Fibers and Polymers, 15(11):22332237, November 2014.
[93] Linjun Shao and Chenze Qi. Preoxidated polyacrylonitrile ﬁber mats supported copper catalyst
for Mizokori-Heck cross-coupling reactions. Applied Catalysis A: General, 468:2631, November
2013.
[94] Izabella Rajzer, Ryszard Kwiatkowski, Wojciech Piekarczyk, Wlodzimierz Binias, and Jaroslaw
Janicki. Carbon nanoﬁbers produced from modiﬁed electrospun PAN/hydroxyapatite precursors
as scaﬀolds for bone tissue engineering. Materials Science and Engineering: C, 32(8):25622569,
December 2012.
[95] Patrycja Musiol, Piotr Szatkowski, Maciej Gubernat, Aleksandra Weselucha-Birczynska, and
Stanislaw Blazewicz. Comparative study of the structure and microstructure of PAN-based
nano- and micro-carbon ﬁbers. Ceramics International, 42(10):1160311610, August 2016.
[96] Joseph N. Mackle, David J.-P. Blond, Emma Mooney, Caitlin McDonnell, Werner J. Blau, Geor-
gina Shaw, Frank P. Barry, J. Mary Murphy, and Valerie Barron. In vitro Characterization of an
Electroactive Carbon-Nanotube-Based Nanoﬁber Scaﬀold for Tissue Engineering. Macromolec-
ular Bioscience, 11(9):12721282, September 2011.
[97] Jianwei Ren, Nicholas M. Musyoka, Perushini Annamalai, Henrietta W. Langmi, Brian C. North,
and Mkhulu Mathe. Electrospun MOF nanoﬁbers as hydrogen storage media. International
Journal of Hydrogen Energy, 40(30):93829387, August 2015.
[98] Cheng Zhu, Tianyu Liu, Fang Qian, T. Yong-Jin Han, Eric B. Duoss, Joshua D. Kuntz,
Christopher M. Spadaccini, Marcus A. Worsley, and Yat Li. Supercapacitors Based on
101
References
Three-Dimensional Hierarchical Graphene Aerogels with Periodic Macropores. Nano Letters,
16(6):34483456, June 2016.
[99] Shengjie Peng, Linlin Li, Jeremy Kong Yoong Lee, Lingling Tian, Madhavi Srinivasan, Stefan
Adams, and Seeram Ramakrishna. Electrospun carbon nanoﬁbers and their hybrid composites
as advanced materials for energy conversion and storage. Nano Energy, 22:361395, April 2016.
[100] E. Y. o Pachon, R. Vera-Graziano, and R. Montiel Campos. Structure of poly(lactic-acid) PLA
nanoﬁbers scaﬀolds prepared by electrospinning. IOP Conference Series: Materials Science and
Engineering, 59(1):012003, 2014.
[101] M. Savioli Lopes, A. L. Jardini, and R. Maciel Filho. Poly (Lactic Acid) Production for Tissue
Engineering Applications. Procedia Engineering, 42:14021413, January 2012.
[102] A. J. Nijenhuis, D. W. Grijpma, and A. J. Pennings. Crosslinked poly(l-lactide) and
poly(caprolactone). Polymer, 37(13):27832791, June 1996.
[103] M. Rahmat, M. Karrabi, I. Ghasemi, M. Zandi, and H. Azizi. Silane crosslinking of electrospun
poly (lactic acid)/nanocrystalline cellulose bionanocomposite. Materials Science & Engineering.
C, Materials for Biological Applications, 68:397405, November 2016.
[104] Tiankui Qiao, Ping Song, Huiling Guo, Xiaofeng Song, Baochang Zhang, and Xuesi Chen. Rein-
forced electrospun PLLA ﬁber membrane via chemical crosslinking. European Polymer Journal,
74:101108, January 2016.
[105] Eunice P. S. Tan and C. T. Lim. Eﬀects of annealing on the structural and mechanical properties
of electrospun polymeric nanoﬁbres. Nanotechnology, 17(10):26492654, May 2006.
[106] Roxanna E. Abhari, Pierre-Alexis Mouthuy, Nasim Zargar, Cameron Brown, and Andrew Carr.
Eﬀect of annealing on the mechanical properties and the degradation of electrospun polydioxan-
one ﬁlaments. Journal of the Mechanical Behavior of Biomedical Materials, 67:127134, March
2017.
[107] Ah-Ra Cho, Dong Myeong Shin, Hyun Wook Jung, Jae Chun Hyun, Joo Sung Lee, Daehwan
Cho, and Yong Lak Joo. Eﬀect of annealing on the crystallization and properties of electrospun
polylatic acid and nylon 6 ﬁbers. Journal of Applied Polymer Science, 120(2):752758, April
2011.
[108] Ryuji Inai, Masaya Kotaki, and Seeram Ramakrishna. Structure and properties of electrospun
PLLA single nanoﬁbres. Nanotechnology, 16(2):208, 2005.
[109] Arkadii Arinstein, Michael Burman, Oleg Gendelman, and Eyal Zussman. Eﬀect of supramolecu-
lar structure on polymer nanoﬁbre elasticity. Nature Nanotechnology, 2(1):5962, January 2007.
[110] https://www.3dprintersonlinestore.com/aﬁnibot-micro-delta-3d-printer-diy-kit. July 2017.
[111] Thingiverse.com. https://www.thingiverse.com/thing:969045.
[112] Tao Yang, Defeng Wu, Liangliang Lu, Weidong Zhou, and Ming Zhang. Electrospinning of
polylactide and its composites with carbon nanotubes. Polymer Composites, 32(8):12801288,
August 2011.
[113] ImageJ.
[114] Qiongjuan Duan, Biao Wang, and Huaping Wang. Eﬀects of Stabilization Temperature on
Structures and Properties of Polyacrylonitrile (PAN)-Based Stabilized Electrospun Nanoﬁber
Mats. Journal of Macromolecular Science, Part B, 51(12):24282437, December 2012.
102
References
[115] http://webbook.nist.gov/cgi/cbook.cgi?ID=C78671&Type=IR-SPEC&Index=0. August 2017.
[116] Vania Blasques Bueno, Ricardo Bentini, Luiz Henrique Catalani, and Denise Freitas Siqueira
Petri. Synthesis and swelling behavior of xanthan-based hydrogels. Carbohydrate Polymers,
92(2):10911099, February 2013.
[117] Vania Blasques Bueno, Ricardo Bentini, Luiz Henrique Catalani, and Denise Freitas Siqueira
Petri. Synthesis and swelling behavior of xanthan-based hydrogels. Carbohydrate Polymers,
92(2):10911099, February 2013.
[118] Dragoljub Bilanovic, Jeanna Starosvetsky, and Robert H. Armon. Cross-linking xanthan and
other compounds with glycerol. Food Hydrocolloids, Complete(44):129135, 2015.
[119] https://www.kickstarter.com/projects/notaglue/bondicevotm-liquid-plastic-welder. Kickstarter,
August 2017.
[120] http://www.selfassemblylab.net/. August 2017.
[121] Nattharee Chanchareonsook, Rudiger Junker, Leenaporn Jongpaiboonkit, and John A. Jansen.
Tissue-Engineered Mandibular Bone Reconstruction for Continuity Defects: A Systematic Ap-
proach to the Literature. Tissue Engineering. Part B, Reviews, 20(2):147162, April 2014.
[122] Alex C. Levine, Angelina Sparano, Frederick F. Twigg, Keiji Numata, and Christopher T.
Nomura. Inﬂuence of Cross-Linking on the Physical Properties and Cytotoxicity of Polyhy-
droxyalkanoate (PHA) Scaﬀolds for Tissue Engineering. ACS Biomaterials Science & Engineer-
ing, 1(7):567576, July 2015.
[123] Elia M. Schneider, Shuto Taniguchi, Yuma Kobayashi, Samuel C. Hess, Ratna Balgis, Takashi
Ogi, Kikuo Okuyama, andWendelin J. Stark. Eﬃcient Recycling of Poly(lactic acid) Nanoparticle
Templates for the Synthesis of Hollow Silica Spheres. ACS Sustainable Chemistry & Engineering,
5(6):49414947, June 2017.
[124] M. J. Whitaker, R. A. Quirk, S. M. Howdle, and K. M. Shakesheﬀ. Growth factor release from
tissue engineering scaﬀolds. The Journal of Pharmacy and Pharmacology, 53(11):14271437,
November 2001.
103
7 Appendix
7.1 Parts list
I
Appendix
P
art
D
escription
Supplier
P
L
A
P
L
A
Ingeo
Sakata.3D
850.blue.H
T
.1.75
w
w
w
.3d-printerstore.ch
Screw
M
3
x
20
m
m
;
ﬂat
headed
https://w
w
w
.schraub
enking.ch
W
asher
M
3,
P
006524
https://w
w
w
.schraub
enking.ch
N
ut/
ﬂange
nut
M
3,
P
005286
https://w
w
w
.schraub
enking.ch
A
lum
inium
plate
229836
-
62
w
w
w
.conrad.ch
M
agnet
S-20-02-N
52N
https://w
w
w
.sup
erm
agnete.ch
P
otentiom
eter
p
otentiom
eter
P
C
16
M
ono
470K
L
IN
w
w
w
.conrad.ch
P
ow
er
supply
V
O
LT
C
R
A
F
T
SN
G
-600-O
W
w
w
w
.conrad.ch
E
lectric
m
otor
M
ini
B
rushed
E
lektrom
otor
M
otraxx
M
30V
A
13400
U
/m
in
w
w
w
.conrad.ch
II
Appendix
7.2 List of ﬁgures
III
List of Figures
1.1 Number of articles regarding 3D printing published per year and listed in sciﬁnder
(cas.sciﬁnder.org). The following search terms which are considered to be relevant in
this thesis were used: blue: 3D printing, grey: 3D printing tissue engineering, navy:
biomedical 3D printing, green: medical 3D printing, red: 3D printing aerogel. Articles
published with the tag 3D printing show a steep increase each year since 2011 (43
articles) up to 2770 articles in 2016. All other search terms follow this trend as well.
3D printed aerogels have been published as such in 2015 and less than 30 articles have
been published until now. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Flowchart of the preparation of nanoﬁbrous aerogels. Starting with electrospinning and
preparation of suspensions containing short nanoﬁbers (cutting), the well-established
method of freeze-casting with subsequent freeze-drying and stabilisation ﬁnally yields
the aerogel. The aim of this thesis, the preparation of nanoﬁber based aerogels via a
novel 3D printing (cryo-3D printing) is shown in the lower part of the scheme. . . . . 3
2.1 Table of commercial techniques, manufacturers and material providers for 3D printing.
The table was reprinted from Singh [54]. . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Additive manufacturing methods. Adapted from [58]. FDM: Fused deposition model-
ling, SLA: stereolithography, LOM: laminated object manufacturing, 3DP: 3D Printing,
SLS: selective laser sintering, EBM: electron beam melting, LENS: laser. The high-
lighted 3D printing method represents the cryo-3D printing method applied in this
thesis. Ref. (1) and Ref (2) are the foregoing works by Adamkiewicz and Zhang which
will be explained later [13,59]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 SEM images of scaﬀolds prepared by SLS. The left image a.) is from Esoly et al. [62].
The right one was reprinted from XiaoHui [43]. . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Basic components of connecting CT image acquisition and additive manufacturing. Re-
printed from Mankovich et al. [63] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Scaﬀolds prepared by SLA 3D printing. The left SEM image was reprinted from Schuster
[35]. The right image is from Melchels review [30]. . . . . . . . . . . . . . . . . . . . . 10
2.6 FDM applied in tissue engineering. The left scaﬀold was produced by Woodﬁeld in
2004 [41]. The right structures were taken from Wang et al. [18] . . . . . . . . . . . . 11
2.7 SEM images of two selected publications showing the micro- structure of scaﬀolds ob-
tained by 3DP. From left to right: a. ) reprinted from Kim et.al [22] b.) Scaﬀolds
prepared by Lee and coworkers [26]. Please note the diﬀerent magniﬁcation of both
images. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
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2.8 Illustration of the three 3D printing methods for macroporous structures with low dens-
ities. From left to right: a.) Procedure of liquid printing of graphene oxide in isooctane
according to Zhu [70]. b.) Method of micro-lithography in order to generate poly-
meric microlattices. c.) Cryo-3D printing of graphene oxide via deposition, followed by
freezing, freeze-drying and thermal treatment to gain graphene aerogel [59]. . . . . . . 14
2.9 Ashby chart plotting Young's modulus versus density. The image was modiﬁed from
Zheng et.al [71] with data from Zhu [70] and Zhang [59]. . . . . . . . . . . . . . . . . . 16
2.10 Schematics of cryo-3D printing showing main parts and critical interfaces. From left
to right: A: Temperature gradient from bottom layer to top layer. B: Heat exchange
between printing bed and ambient air, printing bed and bottom layer, in between layers,
top layer and ambient air, liquid delivery and top layer, liquid delivery ambient air.
C: Loss of print quality due to incomplete freezing/thawing leading to blurred edges.
The main parts shown here are the coupling of the suspension delivery to the x, y, z
mechanics, the liquid delivery, the printed (frozen material) and the printing bed. . . . 18
2.11 Scheme of a ﬁber suspension being transported through a tube. In a.) the side view
is shown. b.) is the view within ﬂow direction, showing the relation of the tube dia-
meter compared to the ﬁber length. In c.) the concept of critical ﬁber concentration is
explained. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.12 Freeze-casting process as described by Deuber [83]. The four steps for the preparation
of nanoﬁbrous aerogels are illustrated excellent. The ﬁrst image (i) shows the fresh
nanoﬁber membrane. In the second image (ii) the cut nanoﬁbers have been processed
into an appropriate suspension. The freezing process under controlled conditions is
depicted in image (iii). The ﬁnal process of freeze-drying is shown in the last image (iv). 23
2.13 Process for preparation of carbon nanoﬁber. From left to right: PAN aerogel is being
heated at 200 - 300 °C to facilitate crosslinking. Afterwards the stabilized aerogel is
further carbonized at 750 °C or higher temperatures. . . . . . . . . . . . . . . . . . . 26
2.14 Properties and applications of carbon nanoﬁber based materials according to [99]. . . 27
2.15 Two strategies for chemical crosslinking of PLA. The upper synthesis route describes
the preparation of silane grafted PLA (Silane-g PLA) with subsequent crosslinking. In
the reaction path below the second chemical crosslinking procedure via co-spinning of
TAIC, DCP and PLA is shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1 Aﬁnibot Micro Delta 3D printer as purchased from www.3dprintersonlinestore.com. In
the middle the complete printer is shown. Subsection b.) shows the pulley and axis
system. Image c.) is the top view showing the delta- conﬁguration very well. Also the
original ﬁlament feeder is shown. The main image a.) also shows the critical parts to be
redesigned in order to facilitate suspension printing. The physical parts to be changed
are the printing head and and the printing bed. Furthermore new proﬁles of printing
parameters, for example for slicing and changes in the ﬁrmware are required. Images
was taken from the online shop it was purchased from [110]. . . . . . . . . . . . . . . 32
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3.2 Three diﬀerent approaches for nanoﬁber suspension delivery. The ﬁlled blue shapes
indicate ﬁlling with nanoﬁber suspensions. From top to bottom: a.) Conventional
dispensing with a syringe pump, Teﬂon tubing and a nozzle. b.) Nozzle-free direct
suspending from Teﬂon tube. c.) Delivery using a support ﬂuid, double plunger and a
syringe coupler to minimize time of pumping and number of interfaces. . . . . . . . . 34
3.3 Three generations of printing heads. The ﬁrst generation was basically an add-on to
the original printing head. From a.) top view, b.) back view to c.) side view. On the
right-hand side, the second generation consisting of a platform and syringe mounts for
diﬀerent sizes from 10 mL to 60 mL are shown. Far right on d.) is an image of the initial
design of a case for the electric motor. In the lower part the third and most applied
generation of printing heads is shown. Here the design is more sturdy and rigid. The
support of the magnetic stirrer is already built in. On the right two basic designs for
syringe couplers are shown. They are diﬀerent in their basic geometry but serve the
same purpose. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.4 All four printing heads as used. a.) First generation, built to hold a 10 mL syringe. b.)
Platform and tube design of the second generation, reprinted in green PLA. c.) The
currently used printing head mounted in the printer. d.) Latest generation with up-
side-down conﬁguration designed for syringes with a volume up to 60 mL. e.) Original
printing head with the ﬁrst generation suspension-printer ﬁtting smoothly into the head.
f.) Assembly of the second generation using a platform and exchangeable syringe holders.
Those are ﬁxed on the platform with M3x20 mm screws. g.) Magnet holder and electric
motor for intensive stirring while printing as used in the third generation. . . . . . . . 36
3.5 Syringe couplers showing the principle of the syringe couplers and the double plunger.
Two syringes with a mutual double plunger can be ﬁxed tightly. . . . . . . . . . . . . 37
3.6 Schematic nozzle geometries. From left to right a.) conventional needle, the magniﬁc-
ation shows the narrowing and the angle at the interface with an SEM image showing
the real connection of syringe and needle, b.) custom made prepared nozzles with a
constant but smoother narrowing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.7 Images of three diﬀerent nozzles, already loaded with nanoﬁber suspension. The very
smooth narrowing can be observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.8 Geometry of the 3D printed printing bed. From a.) to c.): top view, bottom view and
side view of the rim. The dimensions were deﬁned to ﬁt exactly on a Dewar container.
The parts were printed from PLA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.9 Images of the peltier cooling system in a.) and the assembly of the 3D printed printing
bed in b.) from left to right: bottom view of the printing bed. Aluminium printing bed
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Dewar container. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
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3.11 Processing steps for the preparation of nanoﬁber based aerogels as reference materials
from left to right: Casting, freezing and freeze drying. Three characterisation methods,
namely scanning electron microscopy, determination of Young's modulus and measure-
ment of geometry for calculation of the density and porosity are shown as well. . . . . 46
4.1 Single-line deposition of PAN ﬁber suspensions by cryo-drawing using diﬀerent custom-
made nozzles. All lines were dispensed using a 7.5 mg mL−1 suspension with 10 %
Xanthan gum. The lines in a.) and b.) were printed with the white nozzle shown in
Figure 3.7. c.) and e. ) with the middle nozzle in Figure 3.7 and d.) and f.) with the
yellow nozzle shown there. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.2 Test prints to characterize the resolution in x and y. From left to right: a.) The red
lines present the exact tool path to print the overlaid blue structure. b.) Top view of
the printed and freeze-dried model showing the individual lines with a width of roughly
3 - 4 mm. c.) Bottom view of the test print unveiling just one individual line to be
measured, the other lines are fused together. The scale bar shown is in cm. d.) A freshly
prepared print on the printing bed is shown. Sub image e.) The frozen test piece from
a.) before the freeze-drying process. A 7.5 mg mL−1 suspension with 10 % Xanthan
gum was used for all cryo-3D printed objects shown here. . . . . . . . . . . . . . . . . 52
4.3 Viscosity of selected PAN suspensions. The shear-thinning behaviour of the nanoﬁber
suspensions is plotted on the left graph. The right image demonstrates the tunability
of the viscosity of nanoﬁber suspensions by addition of Xanthan gum. The data in the
right graph have been normalized to their respective viscosity of suspensions without
Xanthan gum. The arrow in ﬁgure a.) show the increase of the viscosity of a 7.5 mg mL
suspension by adding 2.5 % Xanthan gum and 10 % Xanthan gum. . . . . . . . . . . 54
4.4 Distribution of short PAN nanoﬁbers. The average length according to a Gauss distri-
bution is 50 µm. The small window in the bar plot shows a representative SEM image
of the cut ﬁbers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.5 Distribution of the diameter of electrospun PLA ﬁbers. A representative SEM image of
the individual electrospun material is shown in the small image in each corner and a 100
µm scale is shown as well. The average ﬁber diameter is shown in the table on the right.
As described earlier, all batches were prepared by electrospinning of a 5 % w/w solution
of PLA in chloroform / ethanol in the ratio 9/1. In the top left corner the results from
spinning with 50 kV are shown. On the top right corner the distribution of nanoﬁber
diameters obtained by electrospinning with 60 kV are shown. The two histograms below
are from experiments with 65 kV and 70 kV, respectively. . . . . . . . . . . . . . . . . 56
4.6 Distribution of short PLA nanoﬁbers as well as an SEM image of individual cut ﬁbers.
The maximum of the ﬁtted Gauss distribution is around 20 µm. . . . . . . . . . . . . 57
4.7 Cross-sections of freeze-casted PAN aerogels. From left to right the Xanthan concen-
tration is increased from 0 % Xanthan to 10 % Xanthan. From top to bottom the PAN
concentration is varied from 5 mg mL−1 to 10 mg mL−1. All images were recorded at a
magniﬁcation of 1000× and a 100 µm scale bar is shown on the right. The micro-cavities
are highlighted with triangles. The white arrows indicate sheets of Xanthan gum which
connect individual ﬁbers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
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4.8 Cross-sections of cryo-3D printed aerogels. All images were recorded with a 1000×
magniﬁcation. In the ﬁrst row, cryo-3D printed aerogels prepared with a 5 mg mL−1
suspension are presented. The lower set of aerogels was cryo-3D printed using a 10
mg mL−1 suspension. A scale bar of 100 µm is given in the top left corner. The
structural features introduced by Xanthan are highlighted with white arrows. . . . . . 61
4.10 PAN stabilisation at elevated temperatures. In a.) two sets of freeze-casted aerogels
with no Xanthan gum in the top row and with 10 % Xanthan gum underneath have
been stabilized at 250 °C for 15, 30, and 60 minutes. A signiﬁcant colour change can be
observed. b.) Proof of structural stability of the stabilization procedure. In the left vial,
a sample of a pristine PAN aerogel is immersed in water, in the right vial a crosslinked
PAN aerogel. Crosslinking was done at 250 °C for 15 minutes. . . . . . . . . . . . . . 62
4.9 ATR-FTIR spectra of PAN aerogels during crosslinking. From bottom to top: Pristine
PAN aerogel, 30 min crosslinking at 250 °C, 60 min at 250 °C and on top a spectra
of a PAN aerogel being exposed to 250 °C for 17 hours All spectra are normalized for
display. The regions of interest have been highlighted. The increasing absorbance with
prolonged temperature treatment at 800 cm−1 are a result of =C-H formation while the
strong absorbance at 1600 cm−1 arises from C=C and C=N bonds. The decrease of
nitrile groups can be seen in the third range highlighted around 2200 cm−1. . . . . . . 63
4.11 Crosslinked PAN aerogels. All aerogels have been exposed to 250 °C for 15 minutes.
In a.) freeze-casted aerogels prepared with a 5 mg mL−1 suspension are shown. In b.)
7.5 mg mL−1 and in c.) aerogels with the highest concentration of 10 mg mL−1 are
shown. The left aerogel of each set was prepared without Xanthan gum. The following
aerogels from left to right were prepared with 2.5 %, 5 %, and 10 %. The shrinking
during crosslinking of samples with increased content of Xanthan gum can be observed. 64
4.12 Photographs of stabilized aerogels obtained by cryo-3D printing. From left to right
examples from 5 mg mL−1, 7.5 mg mL−1 and 10 mg mL−1 are shown. . . . . . . . . 65
4.13 SEM images of crosslinked PAN aerogels obtained by freeze-casting. From left to right
aerogels without Xanthan gum, 5 % Xanthan gum and with 10 % are shown. In the top
row aerogels prepared with 5 mg mL−1 are shown. The aerogels in the middle row have
been prepared with a concentration of 7.5 mg mL−1 and the aerogels beneath with 10
mg mL−1. The Xanthan gum structure observed before the crosslinking procedure has
been completely destroyed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.14 SEM images of cryo-3D printed PAN aerogels after crosslinking. In the top row samples
of cryo-3D printed aerogels with 5 mg mL−1 are shown, beneath are the aerogels with a
concentration of 10 mg mL−1. The structural features of Xanthan gum are highlighted
with white arrows. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.15 Freeze-casted PLA aerogels. From left to right the temperature treatment is shown.
The upper set of aerogels was prepared without Xanthan gum while the lower set was
prepared with 10 % Xanthan gum. The Xanthan gum sheets have been highlighted with
white arrows. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.16 Image of porous PLA nanoﬁbers. On the left in sub image a.) a pristine PLA microﬁber
is shown. The ﬁbers on the right side in b.) have been exposed to 120 °C for 60 minutes. 71
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4.17 FTIR spectra of TAIC crosslinking. a.) FTIR spectra from co-spun material containing
PLA and TAIC. b.) Co-spun PLA with 25 % TAIC, heated for 15 minutes and 45
minutes at 120 °C. c.) Transmission spectra from Quiao's publication [104]. . . . . . . 72
4.18 Inﬂuence of heat treatment on the ﬁber diameter of non-woven PLA nanoﬁbers. The
images on the right of each point plotted show the change with time and the fusing of
single ﬁbers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.19 DSC of thermal stabilisation of PLA ﬁber mats. The three important transitions of
glass transition TG, cold crystallisation TC and the melting point TM are indicated.
Exothermic heat-ﬂow is plotted upwards, while endothermic heat ﬂow in the opposite
direction, towards the intersection with the x axis. The pristine PLA samples were taken
from electrospinning experiments with 50 kV and 70 kV, respectively. . . . . . . . . . . 75
4.20 DSC experiments of chemical crosslinking experiments. As a reference sample pure
TAIC was used. One can see the distinctive exothermic peak of the cold crystallisation
at 80 °C. The strong exothermic peak shortly after the melting- temperature arises from
the decomposition of TAIC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.21 Thermal stabilisation of PLA, immersion in water in order to show structural integrity.
in a.) PLA samples with various contents of Xanthan gum were immersed in water.
The image on the right shows the structural integrity after 40 days in water. In the
well-plate in b.) diﬀerent aerogels with varying content of Xanthan gum as well as 0
min, 15 min, 30 min and 60 min of temperature treatment are shown. . . . . . . . . . 77
4.22 Chemical structure of Xanthan gum. Possible crosslinking sites are highlighted. . . . 78
4.23 Microstructure unveiling the role of Xanthan gum. Images a.), c.), g.) and e) are from
PAN aerogels prepared with 5mg mL−1 and 10 % Xanthan gum. b.) and d.) are
SEM images of PAN aerogels prepared with 10 mg mL−1 and with 10 % Xanthan gum.
The aerogel in f.) was prepared from a 10 mg mL and 2.5 % Xanthan aerogel. The
images a.) - f.) were recorded with a 5000× magniﬁcation and image g.) with 30,000×
magniﬁcation. A scale bars for images a.) - f.) is given beneath the images. The scale
bar for the high resolution image in g.) is shown directly in the SEM image. . . . . . 79
4.24 Microstructures of PAN aerogels after temperature treatment to visualize the destruction
of the Xanthan gum skeleton at high temperatures. Individual Xanthan gum remains
have been highlighted. These Images have been collected throughout all PAN related
experiments with various Xanthan gum concentrations. Images a.) and c.) were recor-
ded with a 5000x magniﬁcation. Image b.) with 12,000 x magniﬁcation. The scale bar
for a.) and c.) is given beneath the images. The scale bar for ﬁgure b.) is directly
plotted in the ﬁgure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
4.25 Density of cryo-3D printed and freeze-casted PAN aerogels. The bars in white and
grey represent freeze-casted aerogels. The cryo-3D printed aerogels are plotted in red.
Structured bars represent crosslinked PAN aerogels. On the right side, in black bars,
selected aerogels from literature are plotted. The Ref. 1 and Ref. 2 are from Deuber et
al. [68, 69]. Ref. 3 was inserted from Zhang [59]. Ref. 4 is a publication from Si [53]. . 82
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4.26 Young's moduli of cryo-printed and freeze casted PAN aerogels. The data points from
freeze-casted materials are printed in black while the data plotted in red have been
prepared by cryo-3D printing. The trend of the aerogels towards increased Young's
moduli if Xanthan gum is applied can be seen. . . . . . . . . . . . . . . . . . . . . . . 83
4.27 Porosity of PAN aerogels as function of Xanthan addition. The linear regression were
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were processed by cryo-3D printing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.28 Young's moduli and densities of PLA aerogels as a function of Xanthan gum additive.
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4.29 Conclusion of cryo-3D printed materials and their properties. The Ashby-plot on the
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represents the cryo-3D printed materials. The exponent describing the proportionality
E ∝ ρn is shown in the table. Ref 1 is the publication of Zhang [59]. The data from
Zhu et al. [98] have been inserted as (Ref 2). The Ashby-plot was adapted from [71]. . 86
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BondicEvo device was reprinted from their homepage [119] and the design of the syringe
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7.5 Discontinued experiments
Dear reader,
as you are reading this last chapter I suppose you are brave enough to continue on 3D printing of
nanostructured materials. Since nothing is more frustrating than having to discontinue experiments
due to either lack of time or insuﬃcient proof, I'd like to dedicate this small section at the very end to
all the fallen angels - the discontinued experiments.
 Initially photo-crosslinking of PAN was on the agenda and some eﬀort was taken. Unfortunately
successful photo crosslinking could only be proved in 2D structures and not in the full aerogel.
This is probably because the concentration of photo-crosslinker was very low and therefore hard
to ﬁnd with FTIR. Furthermore a standard UV lamp for illumination of TLC was used. I hardly
doubt that the photon ﬂux and energy of those sources is suﬃcient to achieve proper crosslinking.
This will be even harder if the UV light has to penetrate a fully built aerogel.
 Unfortunately the custom made syringe pump using a Dremel drive shaft and the stepper motor
from the ﬁlament delivery could not be ﬁnished due to lack of time. At his point one has to
honestly say: never change a running system - the syringe pump solution was working nicely.
The parts are already printed though. Any approach to couple movements and delivery is highly
appreciated.
 Crosslinking of PLA as published with TAIC or silane functionalization represents a powerful
tool - unfortunately I could not focus on this anymore due to lack of time. I'd like to encourage
you dear reader to throw all my results over board and restart with an open mind.
 Since Cryo printing requires long stays in the cooling room I recommend a proper jacket, moving
the printer into a small fridge or start looking for a suitable matrix for free liquid printing as
mentioned in the outlook and conclusions section.
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